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Abstract
Where readers move their eyes, while proceeding forward along lines of text, has long been
assumed to be determined in a top-down word-based manner. According to this classical
view, readers of alphabetic languages would invariably program their saccades towards the
center of peripheral target words, as selected based on the (expected) needs of ongoing
(word-identification) processing, and the variability in within-word landing positions would
exclusively result from systematic and random errors. Here we put this predominant hypoth-
esis to a strong test by estimating the respective influences of language-related variables
(word frequency and word predictability) and lower-level visuo-motor factors (word length
and saccadic launch-site distance to the beginning of words) on both word-skipping likeli-
hood and within-word landing positions. Our eye-movement data were collected while forty
participants read 316 pairs of sentences, that differed only by one word, the prime; this was
either semantically related or unrelated to a following test word of variable frequency and
length. We found that low-level visuo-motor variables largely predominated in determining
which word would be fixated next, and where in a word the eye would land. In comparison,
language-related variables only had tiny influences. Yet, linguistic variables affected both
the likelihood of word skipping and within-word initial landing positions, all depending on the
words’ length and how far on average the eye landed from the word boundaries, but pending
the word could benefit from peripheral preview. These findings provide a strong case
against the predominant word-based account of eye-movement guidance during reading,
by showing that saccades are primarily driven by low-level visuo-motor processes, regard-
less of word boundaries, while being overall subject to subtle, one-off, language-based mod-
ulations. Our results also suggest that overall distributions of saccades’ landing positions,
instead of truncated within-word landing-site distributions, should be used for a better under-
standing of eye-movement guidance during reading.
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Introduction
Reading is a complex perceptual and cognitive task, that not only involves the identification of
individual words and their integration in the sentences’ syntactic and semantic context, but
also requires the execution of saccadic eye movements along the lines of text. Necessitated by
the strong decrease of visual acuity with retinal eccentricity, saccades play a crucial role in that
they determine which letters and words benefit from detailed viewing on successive eye fixa-
tions. Yet, whether they are in turn cognitively guided towards the center of target words (or
target word-objects), as selected based on the (expected) needs of ongoing word-identification
processing, still remains an open question. This is a long-standing assumption, that accounts
for a number of well-established eye-movement phenomena (e.g. [1–4]). Nevertheless, given
the slowness of language-related processes and top-down guidance, the possibility remains
that saccades primarily reflect low-level visual and oculomotor processes, that make no
recourse to selection of a saccade-target word(-object) [5–8]. Here we further challenged the
top-down word-based view by re-examining the respective influences of visual and linguistic
variables on where the eyes move during reading, and testing in particular one of its strong
predictions: that linguistic factors should exclusively influence the likelihood a word is fixated
(vs. skipped), and not where in a word the eyes land, rather than overall modulating saccade
amplitudes regardless of word boundaries.
The hypothesis that eye movements during reading are guided in a top-down, word-based,
manner was originally proposed towards the mid-seventies (e.g. [9]), and it has since then
been a predominant assumption, being expressed in different variants, ranging from strategy-
based guidance to language-based guidance (e.g. [10–13]). It remains today a central assump-
tion, that is implemented in the great majority of models of eye-movement control during the
reading of alphabetic languages ([1–4], see also [14–16], but see [17–18]), and to some extent
also during Chinese reading ([19–20], but see [21]). Although word-based models differ in sev-
eral important ways, most rely on the same three basic principles, as originally proposed by
McConkie and colleagues [22]: (1) On every eye fixation, a word(-object) is designated as the
next-saccade target; (2) The functional target location is the center of the word, to optimize
subsequent visual-information uptake and word identification ([23]; for a review see [24]),
although this may shift towards the beginning of words, when the level of uncertainty associ-
ated with the currently fixated word (N) is high, as proposed in SERIF [3], or when word seg-
mentation cannot be achieved, as may occur during the reading of unspaced Chinese text
materials [20]; (3) Where the eyes effectively land results from a compromise between this
(word-center) targeting strategy and both systematic saccadic range error (SRE [25–26], but
see [27–28]), a bias to move the eyes a constant, optimal, distance forward (see also [29]), and
random error.
Word-based models also share the assumption that selection of the saccade target word
depends on the (estimated) efficiency of letter-extraction and/or word-identification pro-
cesses, weighted by visual acuity. Where these models differ is mainly in the processing stages
that enable this selection. In E-Z Reader, words are identified sequentially based on successive
attention shifts [2]. The target word is by default the next word (N+1) on the line, and a sac-
cade to that word starts being programmed as soon as the fixated word (N) has reached a pre-
liminary stage of word processing (i.e., word-familiarity check). However, when Word N is
identified, attention shifts towards Word N+1, enabling in turn its processing in peripheral
vision; if the word-familiarity check associated with this word is complete before the saccade
program enters a non-labile stage, Word N+2 becomes the saccade target, and Word N+1 is
skipped. In SWIFT and GLENMORE, words are processed in parallel within the perceptual
span [1, 4]. The target corresponds to the word whose processing-based "saliency" is the
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highest by the time a random saccade timer, or the level of fixation activity, possibly combined
with language-related inhibition, enables the programming of a saccade. The selected word
thus depends on the amount of lexical processing achieved on foveal and peripheral words by
the time a saccade is ready to go. However, for early-triggered saccades, as additionally pro-
posed in GLENMORE, it is purely determined based on letter visibility; the word-object with
the highest letter-based saliency becomes the target of the next saccade. Finally, in SERIF, the
saccade target is a blob; it is determined in a probabilistic manner, based on the chances of
identifying the words within the right/forward perceptual span, as inferred from the words’
length and eccentricity, as well as their frequency in the language [3].
Regardless of the processing stages involved, these models all make the same general predic-
tions. As they all rely on the general hypothesis that saccades invariably aim for the center of
selected target words (but see [3, 20]), with systematic and random errors being the only
source of variability, they predict that a word’s linguistic properties should nearly exclusively
influence the likelihood the word is skipped, but not where in the word the eyes initially land.
Due to SRE, within-word landing-position distributions should progressively shift towards the
very-end of words as saccades are launched from closer to the words’ beginning, in line with
the well-established launch-site effect ([22, 30]; for Chinese reading see [20, 31]). However,
they should not be affected by the easiness of peripheral word processing, except maybe as a
result of word-skipping failure, thus in the very rare instances when a word, intended to be
skipped, would end up being fixated due to systematic and/or random errors. Still, as mislo-
cated fixations would mainly lay towards the very-end of words [32, 33], only the tail of land-
ing-site distributions could possibly diverge between easy and difficult words.
The central hypothesis in word-based models, that readers’ eye movements reflect word
(-object)-based saccade-targeting mechanisms combined with SRE, however remains debatable.
First, as suggested by alternative, visual-(perceptual-)span models, a continuous (non-word-
based), rather than a discrete (word-based), adjustment of saccades to the needs of ongoing
visual and lexical word-identification processes could also yield seemingly word-based eye-
movement behavior (e.g., the skipping of shorter and easier words), as well as a launch-site
effect ([17, 34, 35], see also [36]; for Chinese reading see [21]). More critically, as suggested by
several empirical findings, and in contradiction with word-based, as well as non-word-based
visual-/perceptual-span, models, both language-related processes and top-down selection of a
saccade goal may be too much time consuming to be the main eye-driving force [5–8]. More-
over, a low-level visuo-motor account for the launch-site effect may be more appropriate than
either SRE or processing-based explanations ([28, 37–39], see also [27]). Vitu’s [5–6, 40] bot-
tom-up, non-word-based, Center-of-Gravity (CoG) theory of eye-movement guidance during
reading relies on these two assumptions, and as we will see, this yields radically different predic-
tions in comparison with word-based models. According to this view, where the eyes move
when proceeding forward along the lines of text, would primarily reflect low-level spatial-inte-
gration mechanisms involved in saccade programming (for reviews see [5, 41]). By averaging
over spatially proximal, bottom-up, luminance-contrast signals, within and across word bound-
aries, these mechanisms would take the eyes towards a fovea-weighted center of gravity of the
peripheral configuration formed by letters ahead of fixation, regardless of their identity and the
word they belong to. Thus, as saccades are launched from closer to the words’ beginning, and
even more so as the words are shorter, the eyes would land further on the line of text, and hence
closer to the words’ end or even beyond it, neither as a result of SRE nor ongoing processing,
but simply because of non-word-based spatial-integration processes. In this framework, ongo-
ing visual and lexical peripheral word-identification processes would also intervene. However,
given the poor resolution in peripheral vision combined with the slowness of language-related
processes [42, 43], they would only mildly modulate default saccade amplitude, and only in
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particular instances, i.e., when the words’ visual and linguistic properties combine to favor an
early access to the word’s representation, and/or when fixations are prolonged.
The bottom-up, non-word-based, CoG theory, thus predicts that a word’s linguistic proper-
ties could potentially, though only mildly, influence not only the likelihood the word is
skipped, but also where in the word the eyes initially land. However, while in theory language-
related variations in word-skipping rate and within-word landing positions should both
become greater as the words are shorter and less eccentric (and more letters from the words
fall within the perceptual span), they should in fact be observed for words of different lengths
and/or for different saccadic launch-site distances respectively. This is illustrated in Fig 1,
where we represented a hypothetical overall slight shift of landing-site distributions towards
the end of easy words, in comparison with difficult words, for different word lengths and sac-
cadic launch-site distances to the beginning of words; the implemented shift was slightly
greater for shorter (left panels) and less eccentric words (upper panels) to reflect the fact that
these words more greatly benefit from peripheral preview. This figure suggests that significant
effects of word difficulty could potentially be observed on within-word landing positions, but
less likely on word-skipping rate, when the distributions happen to peak near the center of
words, thus when the launch-site distance is sufficiently large and/or words are long enough
for the processing-related shift in landing-site distributions to take place within the word
boundaries (see left lower panel and all three right panels). Since these are not all optimal con-
ditions for peripheral word processing, these effects would yet remain rather small, and poten-
tially difficult to observe. In contrast, when the distributions peak near the end of words or
even beyond it, as in the case of shorter and less eccentric words (which are also more easily
processed), the shift would most often occur outside the word boundaries, and likely result in
a significant effect of word difficulty on the likelihood of word skipping, but not on within-
word landing positions (see left upper and middle panels). Thus, in this specific case, the non-
word-based hypothesis would meet the predictions of word-based models, but for different
reasons. Note though that language-related effects should remain much smaller than the effects
of word length and saccadic launch-site distance, that would essentially result from earlier spa-
tial-integration mechanisms [5, 6]. Top-down, word-based (and non-word-based), models,
and E-Z Reader and SWIFT [1–2] in particular, which (unlike GLENMORE [4]) do not
assume different time courses for visual and lexical processes respectively, may yield a different
prediction, at least with no proof to the contrary.
At present, there is no unambiguous evidence for either word-based or non-word-based
predictions. In line with both views, previous studies on the reading of alphabetic, as well as
un-spaced non-alphabetic, languages revealed that words are more likely to be skipped when
they are shorter (e.g. [9, 20]), and/or nearer to the saccade’s starting location (or launch site
[44, 45]), as well as when they benefit from peripheral preview [46–49], they are more frequent
in the language ([20, 50–56], but see [48, 57]), and/or they can be more easily predicted from
the sentence’s context ([20, 48, 50, 55, 58–65]; for reviews see [11, 44, 66–68]). Moreover, as
predicted by word-based and non-word-based accounts, word skipping rate was found to be
more greatly affected by word frequency and word predictability, when saccades were
launched from closer to the words’ beginning [69–70], or the words could benefit from periph-
eral preview [21]. It still remains uncertain how top-down models, and E-Z Reader and
SWIFT in particular, would cope with the likely greater variations in word-skipping rate with
word length, compared to word frequency or word predictability, as reported in two meta-
analyses ([44, 66], see also [54, 71], but see [72]), and as further suggested by comparison of
normal reading and the reading of meaningless, z-transformed, texts ([73–75], see also [76]).
More critically, although many studies on the reading of alphabetic languages failed to
show variations in within-word landing positions with peripheral-preview manipulations [28,
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77, 78], or the frequency and the predictability of words [56, 61, 62, 69, 70, 79–84], some stud-
ies did reveal small though significant effects of word frequency [55, 56, 85], and/or word
predictability [86, 87]. Moreover, a great deal of experiments showed tiny, though consistent,
effects of orthographic ([82, 83, 88–94], but see [52, 70, 95]) and morphological word proper-
ties ([56, 85, 96–103], but see [83, 91, 104–105]) on within-word landing positions. Impor-
tantly, these effects, as well as word-frequency effects, were reported mainly in long words
(> = 7 letters on average), and they held across the entire range of landing positions at least in
studies reporting landing-position distributions [56, 82, 83, 88, 91, 93, 101], thus in line with
predictions from the non-word-based hypothesis. In a similar manner, Lavigne, Vitu and
Fig 1. Illustration of the predictions made by the bottom-up, non-word-based, CoG hypothesis. Under this
assumption, saccade amplitudes should be overall modulated by word-processing difficulties regardless of word
boundaries, but to greater extents for shorter and less eccentric words, that more greatly benefit from peripheral
preview. Are represented the hypothetical frequency distributions of saccades’ landing positions on the line of text for
easy (plain lines) vs. difficult (dotted lines) peripheral words (N+1), separately for short and long words (left and right
panels), and close, intermediate, and far saccadic launch-site distances to the beginning of the words (from upper to
lower panels). Light-grey rectangle areas represent the horizontal extent of the words. Landing positions falling within
those areas correspond to within-word landing positions, while landing positions to the right of these areas result in
word skipping.
https://doi.org/10.1371/journal.pone.0219666.g001
Linguistic processes modulate where the eyes move regardless of word boundaries
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d’Ydewalle [86] observed an overall slight shift of within-word landing-position distributions
towards the end of predictable words, in comparison with non-predictable words, that held
only for high-frequency target words of 6–8 letters, in intermediate launch-site conditions
(> = -7 letters from the words’ beginning). Still, Rayner and colleagues [69] found only a hint
of an effect of word predictability towards the very-end of 5- and 6-letter words in close
launch-site conditions (> = -4 letters from the beginning of words), but a significant effect on
the likelihood of word skipping. This could well be evidence for (assuming their words were
too short) or against non-word-based guidance.
Likewise, several studies on the reading of Chinese text material revealed small though sig-
nificant effects of peripheral preview and/or word frequency on within-word landing positions
[21, 31, 48–49, 106], while others showed non-significant effects for words of comparable
length (2 characters) [48, 107]. Importantly though, Liu and colleagues [21] observed that
peripheral-preview and word-frequency effects not only held over the entire range of within-
word landing positions [108], but also generalized to saccades’ landing positions on the line,
thus within and across words’ boundaries (what we refer to as overall landing positions [39]),
as well as forward saccade amplitude. While their findings more convincingly argue for non-
word-based guidance, the question remains whether this would be specific to the reading of
un-spaced non-alphabetic languages.
The problem with most previous studies is that they were not optimally designed to provide
a strong test of the above, word-based and non-word-based, predictions. The number of items
per frequency and/or predictability classes was often relatively low, and hence made it difficult
to further split the data by word length (when this was manipulated) and launch site. More-
over, the discretization of the independent variables, for the needs of the analyses (ANOVAS
in the great majority of studies; but see [21, 53, 54, 56, 63, 85]), was probably not optimal to
capture likely subtle and complex trends. The present study overcame these limitations by re-
investigating the relative influence of word frequency, word predictability, word length and
saccadic launch-site distance on both within-word initial landing sites and word-skipping rate,
using (generalized) linear-mixed-effect modeling applied to a large corpus of eye-movement
data. This corpus, referred from now on to as the “French-sentence corpus”, was collected
while 40 adult participants each read a total of 316 sentences. As in Lavigne et al.’s [86] original
study, word predictability was manipulated by using pairs of sentences, that were strictly iden-
tical, except for the prime word that was either semantically related or unrelated to a subse-
quent test word, making a total of 632 sentences. The semantic relatedness between prime and
test words was estimated based on the association strength between the two words, as mea-
sured in free production norms; the predictability of the test words in the sentences was fur-
ther assessed using a cloze task. Across sentences, the test word was of variable frequency and
length.
Both word-based and non-word-based hypotheses predicted that the likelihood of skipping
the test words would vary with their frequency and predictability, though more greatly for
shorter and less eccentric words, and hence when visual, lexical and semantic peripheral-word
information would get together for a faster access to the word’s representation. However,
while word-based models predicted that within-word initial landing positions should not be
significantly affected by the words’ frequency and predictability, the non-word-based, view
predicted frequency and predictability effects, but mainly for longer words, and/or intermedi-
ate launch-site distances (see Fig 1). Moreover, only the bottom-up non-word-based assump-
tion did unambiguously predict that language-related variations in both word-skipping rate
and within-word landing positions would remain much smaller than the effects of word length
and saccadic launch-site distance.
Linguistic processes modulate where the eyes move regardless of word boundaries
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Materials and methods
Participants
Forty students (between 20 and 30 years old) from Aix-Marseille University were paid 15€ to
participate in the experiment. All were native speakers of French and had normal and uncor-
rected vision. None was aware of the goal of the experiment. Participants gave their written
informed consent prior to their participation in the experiment, that was conducted in accor-
dance with the ethical standards laid down in the Declaration of Helsinki. This research was
approved by the committee responsible for overseeing research conducted in human subjects
at Aix-Marseille University (Comite´ d’e´thique de l’universite´ d’Aix-Marseille; Pierre-Jean
Weiller, President).
Materials
A total of 316 pairs of sentences, containing 31–69 characters (mean: 50.40, SD: 7.31) and
6–14 words (mean: 9.21, SD: 1.43), were constructed. Each contained both a prime and a test
word, with the prime word appearing first, at the second position in the sentences, and the test
word appearing on average 2.8 words later, though never being last, or preceded or followed
by punctuation. The two sentences of a given pair were matched except for the prime word
which was either semantically related or unrelated to the test word. In each pair, related and
unrelated primes were matched in length up to a two-letter difference.
Related prime and test words were selected from available free word-production norms in
French [109, 110]; for these, participants were asked to produce the first (test) word (e.g., ‘vol-
cano’) that came to their mind when reading a given (prime) word (e.g., ‘lava’). The computed
association strength between the two words corresponded to the proportion of participants
producing the test word given the prime. For the 316 related word pairs that were selected for
the sentences, the test word was related to the prime with a strength greater than 0.01
(M = 0.36, SD = 0.20; range from 0.01 to 0.91). For the 316 corresponding control sentences,
using the same test words but a different prime, the association strength between prime and
test words was 0.
To control for the predictability of the test words in the sentences’ context, and hence not
only relative to the prime, a preliminary study was conducted using a cloze task. In this study,
a total of 92 participants (all French-native speakers) were asked to indicate which word first
came to their mind when reading the beginning of each of the 632 sentences (up to the word
before the test word). This allowed us to calculate the proportion of participants producing the
test word in each sentence. In sentences containing related word pairs, and hence predictable
sentences, the test word was given by 22–100% of the participants (M = 0.66, SD = 0.23), while
it was given by 0–4% of the participants (M = 0,005, SD = 0.013) in corresponding unrelated-
word-pair (or unpredictable) sentences (see examples a and b).
a. La lave s’e´chappe du volcan en e´ruption (predictability = 0.83)
Lava is escaping from a volcano in eruption
b. La fumée s’e´chappe du volcan en e´ruption (predictability = 0.00)
Smoke is escaping from a volcano in eruption
All selected test words were between 2 and 13 letters long (M = 6.05 letters, SD = 1.97 let-
ters), and had a frequency between 0 and 1,289 occurrences per million (M = 59.31,
SD = 129.88, according to the variable “Freqlvr” in lexique.org [111]). More details on the dis-
tribution of word lengths, word frequencies, and word predictabilities across test words is
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given in Table 1. In comparison, the range of word frequencies across all words in the sen-
tences was much larger (0.07–38930 occurrences per million; M: 6128.00; SD: 9676.45); these
words were 1–13 letters long (M: 4.58; SD: 2.61).
For the Latin-square design (see below), the 632 sentences were divided into two sub-lists,
each containing a total of 316 sentences; half of these sentences were predictable, and the other
half were unpredictable, but only one exemplar (predictable or unpredictable) of a sentence
pair was present in a given sub-list.
Design
Length, frequency and predictability of the test word were manipulated, using a repeated-mea-
sure design. Saccades’ launch-site distance to the space in front of the test words was defined a
posteriori. In the analyses, all four variables were defined as continuous predictors (see Data
selection and analyses). Each participant saw only one of the two sub-lists of 316 sentences (see
Materials), meaning that he/she saw all test words, but only once, either in the predictable or
in the unpredictable condition. However, all 632 sentences were seen across all participants
(Latin-square design). For the experiment, each of the two sub-lists was split into six blocks
balanced in predictability, frequency and length. The first two blocks contained 60 sentences.
The third, fourth, fifth and sixth blocks contained 54, 50, 49 and 43 sentences, respectively. In
each block, the order of the sentences was randomized.
Procedure
Upon arrival, the participant was seated comfortably in front of a computer screen, with his/
her head movements being minimized with a bite-bar and a frontal head rest. Then, a 15-point
calibration phase took place, with the dot appearing successively at 15 positions on the screen
(along the two diagonals and above and below the horizontal midline, where the sentence
would be further displayed). The participant was asked to first fixate the dot in the upper left
Table 1. Properties of the test words.
WORD FREQUENCY WORD PREDICTABILITY
Non-Predictable Sentences Predictable Sentences
WORD
LENGTH N Min Max M SD Min Max M SD Min Max M SD
2 1 127.23 127.23 127.23 / 0.00 0.00 0.00 / 1.00 1.00 1.00 /
3 20 1.76 315.74 91.58 93.93 0.00 0.04 0.01 0.01 0.26 1.00 0.66 0.24
4 53 0.00 861.49 88.52 164.82 0.00 0.04 0.01 0.01 0.22 1.00 0.62 0.23
5 69 0.14 1289.39 85.07 209.45 0.00 0.04 0.01 0.01 0.22 1.00 0.72 0.23
6 52 0.20 328.78 47.83 63.29 0.00 0.04 0.00 0.01 0.22 1.00 0.68 0.24
7 48 1.22 343.72 52.98 74.82 0.00 0.04 0.00 0.01 0.22 1.00 0.63 0.23
8 41 0.54 73.38 17.18 21.94 0.00 0.04 0.00 0.01 0.22 0.91 0.64 0.20
9 18 0.34 73.38 20.57 22.72 0.00 0.04 0.00 0.01 0.22 1.00 0.69 0.23
10 6 0.74 37.36 13.75 15.52 0.00 0.00 0.00 0.00 0.27 0.96 0.63 0.29
11 5 0.54 15.95 5.11 6.21 0.00 0.04 0.01 0.02 0.30 0.96 0.63 0.26
13 3 0.68 5.68 3.20 2.50 0.00 0.00 0.00 0.00 0.43 0.57 0.51 0.07
From left to right, for each test word length: the number of words, the minimum (Min), maximum (Max), mean (M) and standard deviation (SD) of the words’
frequency (in occurrences per million), and the minimum (Min), maximum (Max), mean (M) and standard deviation (SD) of the words’ predictability (expressed as a
proportion) in non-predictable and predictable sentences respectively.
https://doi.org/10.1371/journal.pone.0219666.t001
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corner of the screen, as accurately as possible. When he/she estimated that his/her eyes cor-
rectly fixated the dot, he/she pressed a button, which made the point disappear and reappear at
the next screen location. The calibration phase was repeated until the correlation between the
position of the dot and the estimated eye location was greater than 0.99. A block of trials was
then launched.
At the beginning of each trial in a block, the participant was asked to fixate in between two
vertically aligned bars presented in the left part of the screen, and centered on the horizontal
midline, where a sentence would next be displayed. When a fixation was detected within a cir-
cular region of 0.5˚ radius around the bars, the sentence appeared. This remained on screen
until the participant indicated through key press that he/she was done with the reading of the
sentence. In 20% of the cases, that were distributed randomly within a block, a yes/no compre-
hension question was then displayed; this was related to the sentence the participant had just
read. Participants pressed the right button for a "yes" response, and the left button for a “no”
response. After a delay of 2000 ms, the next trial began.
Participants were given a block of 30 practice trials followed by a total of six blocks of test
trials. Participants were allowed to take a pause whenever they wanted in between the blocks.
Each session lasted approximately 1 hour and 30 min.
Apparatus
Eye movements were recorded using a 5th generation Dual-Purkinje-Image (DPI) Eye-
Tracker (Ward Technical Consulting), sampling the right eye position every millisecond with
a spatial accuracy of 10 min of arc [112]. The eye tracker was connected through a National-
Instruments (USB 6221 multifunction card) converter to an Intel Xeon dual-core computer
running Windows XP. The computer was connected to two screens (one for the experimenter
and one for the participant). Custom software was developed with the NI LabVIEW1 2009
Integrated Development Environment to acquire and analyze the eye-movement signal online;
this software also controlled the presentation of the stimuli, contingent on the position of the
eye. The eye-position signal was re-analyzed offline, using the offline saccade/fixation detec-
tion algorithm developed by Engbert and Kliegl [113] and implemented in the R software
[114] by Laubrock and Kliegl (eyetrackR package; in prep.). Sentences were displayed in white
on a black background. They were written in lower cases, except for the first letter of the first
word in the sentences as well as the first letter of proper nouns, using the fixed-width Courier-
New font in PsychoPy. Sentences were saved as separate bitmaps, that were displayed on a
gamma-corrected 21” CRT monitor with 85-Hz refresh rate and a screen resolution set to
1280 x 960 pixels. At a distance of 118 cm from the participants’ eyes, each character subtended
about 0.25 degrees of visual angle. The room was dark except for a dim indirect light source.
Vision was binocular.
Data selection and analyses
In the first, main, set of analyses, we measured the likelihood of skipping the test word, as well
as the initial eye fixation location in the test word, when this was fixated. We then extended
these analyses to all words in the sentences that responded to a number of selection criteria. In
both sets of analyses, the fixation of interest was the very first fixation on the space, or beyond
the space, in front of a given word (the test word in the main set of analyses). This fixation was
selected when (1) it was not preceded or followed by a blink or any signal irregularity, (2) it
was within 1˚ above or below the screen midline where the sentence was displayed, and it was
preceded by a fixation also within these vertical margins, (3) it was not the last fixation on the
line, and the immediately prior fixation was not the first fixation on the line, (4) it was
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preceded by a forward saccade, and (5) it corresponded to the very-first fixation on a word. In
analyses related to the test word, it was further ensured that the prime word had received at
least one fixation before fixation on the test word or past it (i.e., when the test word was
skipped during the first eye pass). In analyses that were not restricted to the test word, addi-
tional selections were applied to keep only the words that were neither the first nor the last in a
sentence, and that were not preceded or followed by punctuation; compound words were also
filtered out.
Within-word landing positions were analyzed by fitting linear mixed-effect models (LMM)
to the data, using the lmer function from the lme4 package (Version 1.1–7 [115]) in R (Version
R-3.1.3 [114]). Binary, word-skipping, data were fitted with Generalized LMM (GLMM),
using the glmer function. The models were implemented after visualizing the data and check-
ing for the linearity of the relationships between the dependent variables and each of the pre-
dictors, as well as between the predictors. When linearity was not justified due to a few
extreme predictor values being associated with a low n (e.g., log word frequency < = 0 in
word-skipping analyses), these were filtered out to avoid making the model too complex by
adding polynomial components, and running the risk in turn that the model would not con-
verge or would give unrealistic estimates. Furthermore, to avoid modeling floor/ceiling effects,
further selections were applied to the data. In word-skipping analyses, the words that were
either very short or very long and too far out in the periphery were filtered out, as these were
associated respectively with one- and zero-skipping probabilities in many participants. In
within-word landing position analyses, extreme launch-site values were removed because
these were associated mostly with landing positions outside the word boundaries, and hence
within-word landing positions that no longer varied with launch-site distance.
To determine the (G)LMM that best fitted our data, a top-down approach was used, that
consisted of first determining the optimal random structure, using the most complex fixed
structure, and then searching for the optimal fixed structure, given the optimal random struc-
ture [116]. The starting fixed structure included a linear component for each predictor (word
length, launch-site distance, word frequency, and also word predictability in test-word analy-
ses), and all interactions, though never four-way interactions; the latter are indeed difficult to
interpret and actually often prevented GLMM convergence. The optimal random structure
was determined after comparing the goodness of fit of a range of models varying in random
structures, using Akaike’s information criterion (AIC); the model with the smallest AIC was
selected. The range of tested random structures comprised a random intercept by participant
and/or sentence pair (and/or word number in list, in analyses that were not restricted to the
test word), with or without by-participant random effects of each (possible combination) of
the predictors, and with or without the correlation between random effects; random effects by
sentence pair and/or word number were not included for simplicity (for a similar approach
and further justifications see [117]). The optimal fixed structure was determined after drop-
ping successively the predictors, from the higher to the lower-order terms (3-way interactions
first, and then 2-way interactions, and then simple effects), that did not significantly improve
the fit of the model; note that when the removal of a given predictor only marginally signifi-
cantly improved the fit, the predictor was kept. Importantly, when a given interaction needed
to be kept, corresponding lower-order terms (interactions and simple effects) were also kept
regardless of whether or not removing them would improve the fit of the model (for a similar
approach see [56]). This made fixed-effects tables easier to read, and to compare with theoreti-
cal predictions: as simple effects provide an estimate of the dependent variable when all predic-
tors are at their reference value, they contribute to describe the observed interaction(s).
However, since removing vs. keeping lower-order terms is a matter of debate, minimalist opti-
mal (G)LMM were also determined by applying the dropping procedure to all predictors,
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regardless of whether, or not, higher-order terms were kept. When the optimal fixed structure
of minimalist optimal (G)LMM differed from the fixed structure of optimal (G)LMM, the
fixed effects of the former were reported in Supporting Information. Note though that the
fixed-effects’ estimates were quite comparable between minimalist optimal models and opti-
mal models (see Tables 2–8 for comparison); the only notable difference was for the models
presented in Table 3 and S3 Table, as mentioned in the main text. For both optimal and mini-
malist-optimal models, fixed and random structures were described in the tables’ captions. To
represent graphically the estimated fixed effects from optimal (G)LMM, partial effects were
computed, using the ggpredict function from the ggeffects (Version 0.8.0) package in R (Ver-
sion R-3.5.3).
All predictors were defined as continuous variables; they were centered on their mean.
Word frequency was expressed in log units, as classically done (e.g. [118]). For word
Table 2. Fixed effects of optimal GLMM (Model 1) for the probability of skipping the test words.
Estimate Std. Error z value Pr(>|z|)
(Intercept) -1.59408 0.08931 -17.84903 < 0.00001
FREQ -0.01720 0.02532 -0.67921 0.49701
LENGTH -0.36063 0.02753 -13.10137 < 0.00001
FREQ:LENGTH -0.03300 0.01342 -2.45885 0.01394
The fixed structure included the effects of word length (“LENGTH”; 3–11 letters) and word frequency (“FREQ”; 0.20–5.93 log units), as well as their interaction; the
random structure included a random intercept by participant and sentence pair, as well as a random effect of word length by participant (see S1 Table). The model’s
estimates and standard errors are expressed in logit units; they can be back transformed into probabilities, using the inverse logit formula. The intercept estimate (logit:
-1.59408) indicates that the probability of word skipping was of about 0.17 when all variables were at their reference, mean, value (Word Length: 5.96 letters; Word
Frequency: 3.03 log units; Predictability: -0.98 logit units). Colon stands for interaction. See S2 Table for the corresponding minimalist optimal GLMM.
https://doi.org/10.1371/journal.pone.0219666.t002
Table 3. Fixed effects of optimal GLMM (Model 2) for the probability of skipping the test words.
Estimate Std. Error z value Pr(>|z|)
(Intercept) -1.19934 0.14841 -8.08123 < 0.00001
FREQ -0.00302 0.04398 -0.06872 0.94521
PRED -0.00839 0.02461 -0.34099 0.73311
LENGTH -0.46003 0.05747 -8.00517 < 0.00001
LAUNCH 0.61519 0.04106 14.98372 < 0.00001
FREQ:LENGTH -0.04980 0.03213 -1.54996 0.12115
FREQ:LAUNCH 0.00729 0.01811 0.40250 0.68732
PRED:LENGTH -0.02576 0.01987 -1.29634 0.19486
PRED:LAUNCH 0.01514 0.01428 1.06002 0.28914
LENGTH:LAUNCH -0.00224 0.01905 -0.11767 0.90633
PRED:LENGTH:LAUNCH 0.01968 0.01150 1.71096 0.08709
FREQ:LENGTH:LAUNCH 0.02751 0.01339 2.05526 0.03985
The fixed structure included the effects of word length (“LENGTH”; 4–8 letters), word frequency (“FREQ”; 0.20–5.93 log units), word predictability (“PRED”; between
-2.60 and 2.60 logit units), and saccadic launch-site distance (“LAUNCH”; between -6.00 and -0.002 letters from the space in front of the test words), the three-way
interactions between word frequency, word length and launch-site distance and between word predictability, word length and launch-site distance, as well as
corresponding two-way interactions; the random structure included a random intercept by participant and by sentence pair, as well as by-participant random effects of
word length and launch-site distance, but without the correlation between random effects (see S1 Table). The model’s estimates and standard errors are expressed in
logit units. The intercept estimate (logit: -1.19934) indicates that test words were skipped in about 23% of the cases, when all variables were at their reference, mean,
value (Word Length: 5.82 letters; Launch Site: -2.93 letters; Word Frequency: 3.06 log units; Word Predictability: -0.96 logit units). Colon stands for interaction. See S3
Table for the corresponding minimalist optimal GLMM.
https://doi.org/10.1371/journal.pone.0219666.t003
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predictability, expressed as a proportion, we used, following Kliegl et al. [118], the logit trans-
form; logits were defined as 0.5�ln(predictability/(1-predictability)), but after replacing pre-
dictabilities of zero and 1 with 1/(2�92) and (2�92–1)/(2�92) respectively, where 92 represents
the number of participants in the cloze task (see Materials). For saccadic launch-site distance,
it is classically expressed in letters relative to the center of words, at least in analyses of within-
word landing positions [22]. However, since our analyses were aimed at testing the general
prediction that frequency and predictability combine with letter visibility in determining
where the eye moves, defining launch-site distance relative to the space in front of the words
was more appropriate. Indeed, for a given launch-site distance relative to the beginning of a
word, but not relative to the center of the word, the number of letters falling within the percep-
tual span is the same irrespective of the word’s length. For illustration purposes only (but not
for LMM analyses), word frequency (in log units), word predictability (in logit units), and
launch-site distance (in letters) were categorized into two, three or four bins depending on the
needs of the analyses; this was done after splitting the distribution of the corresponding
Table 4. Fixed effects of optimal GLMM (Model 1’) for the probability of word skipping.
Estimate Std. Error z value Pr(>|z|)
(Intercept) -0.16568 0.10549 -1.57054 0.11629
FREQ 0.03371 0.01432 2.35335 0.01861
LENGTH -0.56967 0.02626 -21.69550 < 0.00001
FREQ:LENGTH -0.02326 0.00473 -4.92211 < 0.00001
This analysis was conducted across all words in the sentences that responded to our selection criteria (see Materials and Methods). The fixed structure included the
effects of word length (“LENGTH”; 3–11 letters) and word frequency (“FREQ”; between 0.01 and 9.59 log units), as well as the interaction; the random structure
included a random intercept by participant, sentence pair, and word, as well as by-participant random effects of word length and word frequency, but without their
correlation (see S1 Table). The model’s estimates and standard errors are expressed in logit units. The intercept estimate (logit: -0.16568) indicates that the words were
skipped in about 46% of the cases when all variables were at their reference, mean, value (Word Length: 5.02 letters; Word Frequency: 5.56 log units). Colon stands for
interaction. The corresponding minimalist optimal GLMM was identical.
https://doi.org/10.1371/journal.pone.0219666.t004
Table 5. Fixed effects of optimal GLMM (Model 2’) for the probability of word skipping.
Estimate Std. Error z value Pr(>|z|)
(Intercept) -0.69956 0.13511 -5.17778 < 0.00001
FREQ 0.06766 0.01676 4.03729 0.00005
LENGTH -0.69301 0.04295 -16.13351 < 0.00001
LAUNCH 0.61995 0.04408 14.06404 < 0.00001
FREQ:LENGTH -0.06234 0.01041 -5.98644 < 0.00001
FREQ:LAUNCH -0.00768 0.01026 -0.74814 0.45438
LENGTH:LAUNCH 0.01414 0.01788 0.79096 0.42897
FREQ:LENGTH:LAUNCH 0.01349 0.00608 2.21757 0.02658
This analysis was conducted across all words in the sentences that responded to our selection criteria (see Materials and Methods). The fixed structure included the
effects of word length (“LENGTH”; 4–8 letters), word frequency (“FREQ”; between 0.01 and 9.02 log units), and saccadic launch-site distance (“LAUNCH”; between
-6.00 and -0.002 letters from the space in front of the test words), as well as all interactions; the random structure included a random intercept by participant, sentence
pair, and word, as well as by-participant random effects of word length and saccadic launch-site distance (see S1 Table). The model’s estimates and standard errors are
expressed in logit units. The intercept estimate (logit: -0.69956) indicates that the words were skipped in about 33% of the cases, when all variables were at their
reference, mean, value (Word Length: 5.60 letters; Launch Site: -2.40 letters; Word Frequency: 4.33 log units). Colon stands for interaction. See S4 Table for the
corresponding minimalist optimal GLMM.
https://doi.org/10.1371/journal.pone.0219666.t005
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variable in 2–4 equal parts respectively. Note that for word frequency, binning was made sepa-
rately for different word lengths, given the correlation between word frequency and word
length (target words: -0.20565; all words in the sentence: -0.56557, respectively).
Table 6. Fixed effects of optimal LMM for initial landing positions in the test words.
Estimate Std. Error t value
(Intercept) -0.56344 0.11509 -4.89566
FREQ 0.02252 0.01820 1.23699
PRED 0.01517 0.01128 1.34415
LENGTH -0.20296 0.02242 -9.05257
LAUNCH 0.43429 0.02497 17.39223
FREQ:LENGTH 0.02822 0.00931 3.03042
FREQ:LAUNCH 0.00907 0.00575 1.57741
PRED:LENGTH 0.01479 0.00635 2.32793
LENGTH:LAUNCH 0.04709 0.00517 9.10263
FREQ:LENGTH:LAUNCH 0.00517 0.00298 1.73603
Initial eye landing positions were expressed in letters relative to the center of the test words. The fixed structure
included the effects of word length (“LENGTH”; 3–11 letters), word frequency (“FREQ”; between -1.97 and 7.16 log
units), word predictability (“PRED”; between -2.60 and 2.60 logit units), and saccadic launch-site distance
(“LAUNCH”; between -8.00 and -0.002 letters from the space in front of the test words), as well as the two-way
interaction between word predictability and word length, the three-way interaction between word frequency, word
length and launch site and all corresponding two-way interactions; the random structure included a random
intercept by participant and sentence pair, as well as by-participant random effects of word length, word
predictability and saccadic launch-site distance (see S1 Table). The intercept estimate gives the initial landing
position when all variables were at their reference, mean, value (Word Length: 6.20 letters; Launch Site: -4.39 letters;
Word Frequency: 2.91 log units; Word Predictability: -0.97 logit units). Colon stands for interaction. See S5 Table for
the corresponding minimalist optimal GLMM.
https://doi.org/10.1371/journal.pone.0219666.t006
Table 7. Fixed effects of optimal LMM for within-word initial landing positions.
Estimate Std. Error t value
(Intercept) -0.62161 0.08112 -7.66287
FREQ 0.01986 0.01013 1.96007
LENGTH -0.22438 0.01647 -13.62216
LAUNCH 0.35929 0.01672 21.48509
FREQ:LENGTH 0.01695 0.00246 6.88573
FREQ:LAUNCH -0.00191 0.00210 -0.90968
LENGTH:LAUNCH 0.04516 0.00260 17.35898
FREQ:LENGTH:LAUNCH 0.00414 0.00076 5.41330
This analysis was conducted across all words in the sentences that responded to our selection criteria (see Materials
and Methods). Within-word initial landing positions were expressed in letters relative to the center of words. The
fixed structure included effects of word length (“LENGTH”; 3–11 letters), word frequency (“FREQ”; between -2.66
and 9.59 log units), and saccadic launch-site distance (“LAUNCH”; between -9.99 and -0.001 letters from the space in
front of the words), as well as all interactions; the random structure included a random intercept by participant,
sentence pair, and word, as well as by-participant random effects of word frequency, word length and saccadic
launch-site distance (see S1 Table). The intercept estimate gives the initial landing position when all variables were at
their reference, mean, value (Word Length: 5.94 letters; Launch Site: -4.86 letters; Word Frequency: 4.11 log units).
Colon stands for interaction. See S7 Table for the corresponding minimalist optimal GLMM.
https://doi.org/10.1371/journal.pone.0219666.t007
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The exact number of degrees of freedom for the t-values of fixed effects in LMMs remains
undetermined. However, given the large number of observations, participants, and items
entering our analyses, t-distributions converged to a normal distribution. Therefore, we con-
sidered as significant, the effects whose absolute t-value was greater than 2, which corresponds
to a significance level of 5% in two-tailed tests [119, 120].
Results
For comparison with previous reading studies, we first analyzed the global characteristics of
our participants’ eye movements while they were reading the sentences. As typically reported,
we found that participants moved their eyes mainly forward, making regressions in about
14.94% of the cases on average [67]. The median length of their saccades was on average of
about 8.35 and -4.49 letters, depending on whether they took their eyes forward or backward,
while the median duration of their fixations was on average of about 241 ms. Participants
skipped about 52.15% of the words on average during a first eye pass, and they refixated words
(or made more than one consecutive fixation on a word) in about 11.38% of the cases on
average.
We next tested alternative predictions from word-based and non-word-based accounts of
eye guidance during reading. To this end, we analyzed the metrical properties of forward eye-
movement behavior in the vicinity of the words (either the test words only or all words in the
sentences that responded to our selection criteria–see Materials and Methods), using the likeli-
hood of word skipping and (within-word) initial landing positions as dependent variables.
These were analyzed as a function of saccadic launch-site distance to the space in front of the
words, word length and word frequency, as well as word predictability in analyses restricted to
the test words.
Probability of skipping the test words
In Fig 2, the mean probability of skipping the test words was represented as a function of the
words’ length, separately for two categories of word frequency and word predictability. This
Table 8. Fixed effects of optimal LMM for overall landing positions.
Estimate Std. Error t value
(Intercept) 1.73141 0.22040 7.85565
FREQ 0.10661 0.01754 6.07823
LENGTH -0.43359 0.02456 -17.65153
LAUNCH 0.94341 0.02312 40.80692
FREQ:LENGTH -0.02027 0.00517 -3.91887
Were considered for analysis, the landing positions of all saccades regardless of word boundaries; these were
expressed in letters relative to the center of Word N+1, that is the word immediately to the right of the word (N)
from which the saccade was launched. Word N+1 was not necessarily a test word (see Text). The fixed structure
included effects of word (N+1) length (“LENGTH”; 3–11 letters), word (N+1) frequency (“FREQ”; between -2.66 and
9.59 log units), and saccadic launch-site distance (“LAUNCH”; between -9.99 and -0.001 letters from the space in
front of Word N+1), as well as the interaction between word frequency and word length; the random structure
included a random intercept by participant, sentence pair, and word, as well as by-participant random effects of word
frequency, word length and saccadic launch-site distance (see S1 Table). The intercept estimate gives saccades’
landing position when all variables were at their reference, mean, value (Word Length: 5.06 letters; Launch Site: -3.27
letters; Word Frequency: 5.44 log units). Colon stands for interaction. The corresponding minimalist optimal LMM
was identical.
https://doi.org/10.1371/journal.pone.0219666.t008
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indicates that the likelihood of word skipping largely decreased with increasing word length
but showed very little variation with language-related variables, being only slightly lower for
low- compared to high-frequency words of 3–4 and 6 letters, and for low- compared to high-
predictability words of 4 letters.
When data were further split by saccades’ launch-site distance to the space in front of the
test words, the effects of linguistic variables tended to be clearer and more consistent, despite
the lower n. This is shown in Fig 3A and 3B for the case of 4- and 6-letter words. Word-skip-
ping rate was slightly lower for rare compared to more frequent words, as well as for low- com-
pared to high-predictability words of 4 letters at least, though mainly in close launch-site
conditions (> -8 letters). Moreover, there was a trend for the effect of word frequency to be
slightly greater in high- compared to low-predictability words (Fig 3C and 3D). Yet, word-
skipping rate remained more largely affected by word length and saccadic launch-site distance:
as saccades were launched from further away from the beginning of the test words, the likeli-
hood of word skipping decreased drastically, and even more so as words became longer.
Due to floor and ceiling effects, the respective and combined influences of the four indepen-
dent variables on word-skipping likelihood could only be estimated over a subset of word
lengths and saccadic launch-site distances. Therefore, to estimate the relationship between
word skipping rate and word length, and its possible variations with word frequency and word
predictability, nearly over the entire range of word lengths, a first GLMM (Model 1) was
implemented, with only word length (3–11 letters), word frequency, word predictability, and
their interactions, as predictors, thus across all observed saccadic launch-site distances. A sec-
ond GLMM (Model 2), that included word length, saccadic launch-site distance, word fre-
quency and word predictability, as well as all 3-way interactions, as predictors, was then fitted
to a smaller subset of the data (word lengths between 4 and 8 letters and saccadic launch-site
distances less than or equal to 6 letters from the space in front of the test words).
Fig 2. Test-word skipping rate by length, frequency and predictability. Mean probability of skipping the test words as a function of the words’ length (in
letters), separately for two categories of test-word frequencies (A) and predictabilities (B), as determined after grouping test-word frequencies and predictabilities
into two bins respectively (see Materials and Methods).
https://doi.org/10.1371/journal.pone.0219666.g002
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The fixed effects of Model 1 are presented in Table 2. The intercept estimate (logit:
-1.59408), indicates that the test words were skipped in about 17% of the cases when all vari-
ables were at their reference (mean) value, and hence when the words were about 6 letters
long. Shorter, 3-letter, test words were skipped about twice as often (37%), and longer,
Fig 3. Test-word skipping rate by launch site, frequency and predictability. Mean probability of skipping 4- and 6-letter test words as a function of the saccades’
launch-site distance to the space in front of the words (binned in two-letter intervals), separately for two categories of test-word frequencies (across word
predictabilities; A) and two categories of test-word predictabilities (across word frequencies; B), and for high- vs. low-frequency test words of low- and high-
predictability (C and D respectively). The two categories of word frequencies and word predictabilities were determined after grouping test-word frequencies and
predictabilities into two bins respectively (see Materials and Methods).
https://doi.org/10.1371/journal.pone.0219666.g003
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11-letter, test words were skipped much more rarely (3%), as suggested by the significant nega-
tive slope estimate for the effect of word length (logit: -0.36063). There was no main effect of
word frequency (logit: -0.01720, p = 0.50) or word predictability (this predictor and corre-
sponding interactions were dropped from the fixed structure as they did not significantly
improve the fit of the model). However, the significant negative slope estimate for the interac-
tion between word frequency and word length (logit: -0.03300) suggested an increase in the
effect of word length with increasing word frequency, implying that shorter words (i.e., less
than about 6 letters, the reference, mean, value for word length) were skipped more often, and
longer words were skipped less often, as they became more frequent.
As further illustrated in Fig 4A, where the model’s predictions were represented for the two
most extreme word-frequency values across all selected test words (0.20 vs. 5.93 log units),
these variations in skipping rate with word frequency still remained very small in comparison
with the effect of word length. The difference in word-skipping rate between the lowest and
the highest word frequencies was of a maximum of about 11% in the shortest, 3-letter, test
words, and this was yet an overestimation of the actual effect of word frequency, given the
smaller range of word frequencies for most word lengths, as well as the variability in word fre-
quencies. Indeed, when the model’s estimated word-skipping rate was contrasted for high- vs.
low-frequency words on average (or the mean frequency of the test words, when categorized
in two frequency bins), as in Fig 4B, the predicted effect was even tinier (see also Fig 2A).
None of the other effects or interactions were significant.
As shown in Table 3, where Model 2’s fixed effects were reported, similar though clearer
trends were observed when saccades’ launch-site distance relative to the space in front of the
test words was taken into account. There was again a significant negative slope estimate for the
effect of word length (logit: -0.46003), indicating that word-skipping rate decreased with
increasing word length. In addition, there was a significant positive slope estimate for the effect
of launch-site distance (logit: 0.61519), indicating that the test words were less frequently
skipped as saccades were launched from further away from the words’ beginning. Both effects
were huge as word-skipping rate dropped by as much as 42% for a 6-letter increase in word
length, and 60% for a 6-letter decrease in launch-site distance. Importantly, while there were
again no significant effects of word frequency (logit: -0.00302, p = 0.94) and word predictabil-
ity (logit: -0.00839, p = 0.73), the interaction between word frequency, word length, and
launch-site distance was significant (logit: 0.02751), while the interaction between word
predictability, word length and launch-site distance was marginally significant (logit: 0.01968,
p = 0.09); note that the latter interaction was no longer significant in the minimalist optimal
GLMM, that is when lower-order terms that did not significantly improve the fit of the model
were removed (see S3 Table). As illustrated in Fig 4C and 4D, the estimated likelihood of skip-
ping short, 4-letter, words slightly varied between the two most extreme word-frequency val-
ues across all test words, and to a lesser extent between the two most extreme word-
predictability values, though essentially for large saccadic launch-site distances. In contrast,
the difference in skipping rate between the highest and the lowest frequencies/predictabilities
for longer, 6-letter, words was smaller, and it decreased with increasing launch-site distance.
Still, even in 4-letter test words, the estimated frequency and predictability effects remained
much smaller compared to the effect of launch-site distance (12% and 5% respectively com-
pared to 72%).
In sum, the likelihood of skipping the test words was influenced by the words’ length and
eccentricity, as well as the words’ linguistic properties. Yet, the effects of word length and sac-
cadic launch-site distance predominated. They were not only greater in size compared to the
effects of word frequency and word predictability, but they held nearly over the entire range of
word frequencies and predictabilities. In contrast, word-frequency and word-predictability
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effects intervened only when the words were very short, and/or very close to the saccades’
launch site, thus when conditions were met for the words to benefit from peripheral preview.
In other words, language-based word-skipping behavior seemed to emerge only when there
Fig 4. Estimated effects of visuo-motor and linguistic variables on test-word skipping rate. Partial effects (with 95% confidence intervals) computed from the
parameters of GLMM Model 1 (A-B; Table 2) and GLMM Model 2 (C-D; Table 3), representing the estimated probability of skipping the test words as a function of
word length (in letters; A-B), and for 4- and 6-letter test words as a function of saccadic launch-site distance (in letters relative to the space in front of the test words;
C-D). In A,C, the models’ predictions were contrasted for the two most extreme (i.e., the lowest vs. the highest) word-frequency values across all selected test words
regardless of their length and their predictability (0.20 and 5.93 log units respectively), and in D, they were contrasted for the two most extreme (i.e., the lowest vs.
the highest) word-predictability values across all test words (-2.6 vs. 2.6 logit units). In B, Model 1’s predictions were represented for the mean frequency value of
high vs. low-frequency words, as defined after grouping word frequencies into two bins (see Materials and Methods; 2.01 vs. 4.10 log units).
https://doi.org/10.1371/journal.pone.0219666.g004
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was strong-enough evidence for the identity of the test word. The possibility remains that the
small contribution of language-related variables was due to the specific (linguistic) properties
of our test words, and their restricted range of frequencies. To ensure this was not the case, the
same analyses were conducted again, but using this time all words in the sentences that could
be possibly analyzed given our selection criteria.
Skipping rate across all words in the sentences
The above analyses were restricted to the test words for the simple reason that test words were
best controlled and differed not only in terms of their frequency in the language, but also their
predictability from the sentence’s context. However, the properties of the test words, and/or
their relatively low n (see Table 1), could be responsible for our observation of a rather limited
influence of language-related variables on word-skipping rate. Here, we thus replicated the
above test-word skipping analyses, but using all words in the sentences, except for the words
that did not respond to the above-defined selection criteria (see Materials and Methods). Note
though that word predictability was not available for words other than the test words; it was
therefore not considered in the present analyses.
As shown in Fig 5, word length and saccadic launch-site distance again predominated in
determining the likelihood of word skipping. First, there was a gradual decrease in word-skip-
ping rate with increasing word length, that largely remained unaffected by word frequency;
only tiny differences between high- and low-frequency words emerged, and mainly for short,
3- and 4-letter, words (Fig 5A). Moreover, when data were further split by saccadic launch-site
distance, separately for different word lengths, an effect of word frequency emerged, in addi-
tion to the drastic reduction in word-skipping rate with increasing launch-site distance, but
mainly in short words (e.g., 4 letters; see Fig 5B). In longer, 6-letter, words, the effect was
already strongly reduced, being visible only in very-near launch-site cases.
To further test these trends, two GLMMs were fitted to the data, as for the test words. The
first, Model 1’, tested the contribution of word length and word frequency, as well as their
interaction, nearly over the entire range of word lengths (3–11 letters). As shown in Table 4,
where the model’s fixed effects are reported, the likelihood of word skipping significantly
decreased with increasing word length (logit: -0.56967). It also varied with word frequency
(logit: 0.03371), being greater for higher-frequency words, though gradually less as the words
were longer, as suggested by the significant interaction between word frequency and word
length (logit: -0.02326). In fact, as illustrated in Fig 6A, where the model’s predicted relation-
ship between word-skipping rate and word length was represented separately for the two most
extreme word-frequency values across all selected words, the word-frequency effect held only
for very short words. Moreover, as in the above test-word analyses, this effect was much
smaller compared to the effect of word length: Word-skipping rate dropped by about 70% for
an 8-letter reduction in word length (3–11 letters), while it varied by about 16% at the very
most (i.e., for 3-letter words) between the highest and the lowest word frequencies.
Model 2’ included saccadic launch-site distance, and its interaction with word length and/
or word frequency, as additional predictors, but for a subset of the data given floor and ceiling
effects (word lengths between 4 and 8 letters and launch-site distances less than or equal to 6
letters). As summarized in Table 5, there were again significant effects of word length (logit:
-0.69301) and launch-site distance (logit:0.61995), indicating that the likelihood of word skip-
ping strongly decreased as words became longer and saccades were launched from further
away. In addition, there was a main effect of word frequency (logit: 0.06766), such that more
frequent words were skipped more often. Still, this effect was again greater for shorter words,
as suggested by the significant interaction between frequency and length (logit: -0.06234).
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Moreover, the three-way interaction between word frequency, word length and launch-site
distance was significant (logit: 0.01349). This is illustrated in Fig 6B, where the model’s pre-
dicted relationship between word-skipping probability and saccadic launch-site distance was
represented for the two most extreme word-frequency values across all selected words, sepa-
rately for 4- and 6-letter words. As for the test words, there was an effect of word frequency in
Fig 5. Word-skipping rate by length, launch site and frequency. Mean probability of word skipping, across all words in the
sentences that responded to our selection criteria, as a function of word length (in letters; A), and for 4- and 6-letter words as a
function of saccadic launch-site distance (in letters relative to the space in front of the words; B), separately for two categories of
word frequencies, as determined after grouping word frequencies into two bins (see Materials and Methods).
https://doi.org/10.1371/journal.pone.0219666.g005
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short 4-letter words, that held over the entire range of tested saccadic launch-site distances
(> = -6 letters), but barely no frequency effect in longer, 6-letter, words, except maybe for
very-small launch-site distances. This effect, even in 4-letter words where it was the largest,
Fig 6. Estimated effect of visuo-motor and linguistic variables on word-skipping rate. Partial effects (with 95% confidence
intervals) computed from the parameters of GLMM Model 1’ (A; Table 4) and GLMM Model 2’ (B; Table 5), representing the
probability of word skipping across all words in the sentences as a function of word length (A) and for 4- and 6-letter words as a
function of saccadic launch-site distance (in letters relative to the space in front of the words; B), separately for the two most
extreme (i.e., the lowest vs. the highest) word-frequency values across all words selected for analysis (0.01 and 9.59 log units
respectively).
https://doi.org/10.1371/journal.pone.0219666.g006
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again remained much smaller than the effect of launch-site distance: for a 6-letter increase in
launch-site distance, word-skipping rate decreased by about 71%, while it varied by a maxi-
mum of about 34% between the highest and the lowest word frequencies. Recall though that
this was still an overestimation: given the variability in word frequencies, the actual effect of
word frequency was even smaller (see Fig 5B).
Thus, when all words in the sentences were considered for analysis, the pattern of findings
matched that observed in test words. The likelihood of word skipping was again primarily
influenced by word length and saccadic launch-site distance. Word frequency also contrib-
uted, but to a much smaller extent compared to visuo-motor variables, and mostly when the
words could benefit from peripheral view, that is when they were very short or very-near to
the saccade’s launch-site. These findings, consistent with both word-based and non-word-
based accounts of eye-movement guidance, may still represent a challenge for models like E-Z
Reader [2] and SWIFT [1] (see Discussion).
Initial landing positions in the test words
Showing that word-skipping behavior is primarily a function of visuo-motor variables may
represent a challenge for word-based models, and E-Z Reader [2] and SWIFT [1] in particular,
as this clearly shows that eye-movement guidance from one word to the next cannot exclu-
sively rely on ongoing word-identification processes. However, it does not necessarily chal-
lenge the hypothesis that saccades are guided in a top-down manner towards the center of
selected target word-objects. Analyses of within-word landing positions were aimed at directly
testing this assumption. These investigated whether the same variables that were found to
influence word-skipping rate would also influence where in a word the eye lands, as would be
predicted exclusively by a non-word-based account of eye-movement guidance.
In Fig 7A and 7B, the distributions of initial landing positions in the test words were repre-
sented for a subset of word lengths and saccadic launch-site distances, separately for high- vs.
low-frequency and high-vs. low-predictability test words, respectively, but across participants.
High- and low-frequency categories, as well as high- and low-predictability categories, were
defined after grouping words into four bins; they corresponded to the first and the fourth bin
respectively (see Materials and Methods). These distributions first revealed a clear launch-site
effect, in accordance with McConkie et al.’s [22] original findings: As saccades’ launch site laid
further to the left of the test words (from upper to lower panels), landing-site distributions
shifted accordingly, thus moving from the very-end towards the very-beginning of short
words (left two panels), and from a position to the right of the words’ center to the words’
beginning in the case of long words (right two panels). Also in line with previous findings,
landing-site distributions showed very little variations with the frequency or the predictability
of the test words. Still, for long, 7- and 8-letter, test words, landing-site distributions tended to
peak slightly closer to the words’ end with increasing frequency (Fig 7A), and to some extent
also with increasing predictability (Fig 7B), though mainly in close launch-site cases (> -6 and
-4 letters respectively), thus when the test words could benefit from peripheral preview. This is
in accordance with the non-word-based view (see also Fig 1), and opposite to the prediction
made by word-based models, that language-related effects on within-word landing positions
should only occur towards the tails of the distributions. For shorter, 3- and 4-letter, test words,
the major part of the distributions associated with high-frequency words tended to lay under-
neath that for low-frequency words, at least in close launch-site conditions, thus suggesting
also a rightward shift. However, the shift likely took place beyond the word boundaries (not
plotted here), thus yielding, in the case of short test words, word-frequency and word-
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predictability effects on the likelihood of word skipping, as shown above, but not on within-
word initial landing sites.
LMM of initial landing positions in the test words shed further light on these trends. The
model’s fixed effects, summarized in Table 6, first revealed that the eye initially fixated a posi-
tion slightly to the left of the words’ center (intercept estimate: -0.56344) when all variables
were at their reference, mean, value, and words were about 6 letters long. As further indicated
by the negative slope estimate for the effect of word length (-0.20296), this leftward bias
increased as the test words became longer (see also [121]). Furthermore, saccades landed closer
to the beginning of the test words as they were launched from further away; the slope estimate
Fig 7. Distributions of initial landing positions in the test words. Across-participants probability density functions (bandwidth: 1 letter or 0.25˚; Gaussian
Kernel) of initial landing positions in short and long test words (3–4 letters and 7–8 letters in left and right panels respectively), for different saccadic launch-site
distances (in letters relative to the space in front of the test words), binned in two-letter intervals (from upper to lower panels: [0,-2[, [-2,-4[, [-4,-6[, [-6,-8[,
referred to as -1,-3,-5 and -7 respectively), and separately for the two most extreme categories of word frequencies (A) and of word predictabilities (B), when these
were grouped respectively into four bins (see Materials and Methods). Light-grey rectangle areas represent the horizontal extent of the words.
https://doi.org/10.1371/journal.pone.0219666.g007
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for the effect of launch site (0.43429) indicated that for every 1-letter increment of the launch-
site distance from the space in front of the test words, landing positions shifted on average by
slightly less than half a letter towards the words’ beginning. The launch-site effect mildly
increased as the test words became longer, as suggested by the significant interaction between
launch site and word length (estimate: 0.04709), thus in contrast with McConkie et al.’s [22]
original report of an invariant (0.49) linear relationship between word-center-based launch
site and landing site. However, this was not due to launch site being here expressed relative to
the space in front of the words. Indeed, LMM with launch-site distance expressed relative to
the center of words, and for words of either 3–11 letters or 4–8 letters as in McConkie et al.’s
study, also yielded significant interactions between launch site and word length (estimates:
0.05867 and 0.06472 respectively; see S6 Table). Note though that the effect of word length was
no longer significant, as in their study (estimate: -0.00153, t = -0.07228 for 3- to 11-letter
words; estimate: 0.01233; t = 0.47741 for 4- to 8-letter words).
More critical for a test of word-based models, was whether linguistic factors would signifi-
cantly influence within-word landing positions. As shown in Table 6, neither the frequency
nor the predictability of the test words had a significant effect (estimate: 0.02252, t = 1.23699,
and estimate: 0.01517, t = 1.34415). Still, there were significant interactions between word fre-
quency and word length (estimate: 0.02822), and word predictability and word length (esti-
mate: 0.01479). As illustrated in Fig 8A and 8B, where the model’s predictions were
represented, using the two most extreme word-frequency and word-predictability values
across all test words, saccades landed further into more frequent, and to a lesser extent more
predictable, test words, but progressively more as word length increased, and actually only
when the words were longer than about 6–7 letters. The marginally significant interaction
between word frequency, word length and saccadic launch-site distance (estimate: 0.00517,
t = 1.73603), suggested in addition that the tendency for saccades to land further into more fre-
quent words, tended to become greater with decreasing launch-site distance, and even more so
as word length increased (see Fig 8C). Yet, however consistent the effects of word frequency
and word predictability were, they remained much smaller than the effects of launch-site dis-
tance and word length, and they were actually smaller than represented in Fig 8A and 8C,
given in particular the much smaller range of word frequencies with increasing word length.
In sum, initial eye landing positions in the test words were primarily a function of the
words’ length and eccentricity. However, they also varied with the words’ frequency and
predictability, though only when the words were long enough for the frequency-related shift in
landing-site distributions to take place within the word boundaries (see Figs 1, 7A and 7B),
and also essentially when saccades’ launch-site distance was small enough so that the words
could benefit from peripheral preview. These effects yet remained smaller than the effects of
word length and launch site, as reported above for the likelihood of word skipping. This sug-
gests, in contradiction with word-based models, that language-related variables nearly equally
influence the likelihood of word skipping and within-word initial landing positions, and that
one or the other occurs depending on the word’s length.
Within-word initial landing positions across all words in the sentences
In the above, test-word, analyses, we reported tiny effects of linguistic variables on initial land-
ing positions in longer and less eccentric words. To ensure that this pattern was not due to the
specific (linguistic) properties of the test words, and that it could be observed at a larger scale
and with a greater number of observations, we conducted again the same analyses, but using
this time all words in the sentences that responded to the above-selection criteria (see Materials
and Methods).
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In Fig 9, the distributions of initial landing positions in short and long words (3–4 letters
and 7–8 letters respectively), were plotted separately for different saccadic launch-site distances
to the space in front of the words, and for two categories of word frequencies (low vs. high; see
Figure Legend). These again showed, in line with the well-established launch-site effect, that
Fig 8. Estimated initial landing positions in the test words. Partial effects (with 95% confidence intervals) computed from LMM parameters (Table 6),
representing initial landing positions in the test words as a function of word length (in letters; A-B), and for 4-,6-,8-, and 10-letter test words as a function of
saccadic launch-site distance (in letters relative to the space in front of the test words; C), separately for the two most extreme word-frequency values across all test
words (-1.97 vs. 7.16 log units; A,C), and the two most extreme word-predictability values across all test words (-2.60 vs. 2.60 logit units; B).
https://doi.org/10.1371/journal.pone.0219666.g008
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landing-site distributions shifted towards the words’ end as saccades were launched from
closer to the words’ beginning [22]. Most importantly, in near and intermediate launch-site
cases (> -7 letters), that favored peripheral preview, there was an overall tendency for the dis-
tributions to peak slightly further into high- compared to low-frequency words of 7 and 8 let-
ters, thus when the distributions peaked near the center of words. In shorter (3- and 4-letter)
words, to the contrary, there was no clear word-frequency related shift in landing-position dis-
tributions, at least within the word boundaries. Thus, the pattern reported above for the test
words replicated here.
Fig 9. Within-word landing-position distributions. Across-participants probability density functions (bandwidth: 1
letter or 0.25˚; Gaussian Kernel) of initial landing positions in short and long words (3–4 letters and 7–8 letters in left
and right panels respectively), and for different saccadic launch-site distances binned in one-letter intervals (from
upper to lower panels: -1,-3,-5, and -7 letters respectively relative to the space in front of the words), separately for the
two most extreme categories of word frequencies grouped into four bins (see Materials and Methods). Light-grey
rectangle areas represent the horizontal extent of the words.
https://doi.org/10.1371/journal.pone.0219666.g009
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The fixed effects of the corresponding LMM are presented in Table 7. The emerging pattern
was consistent with that observed for initial landing positions in the test words. Saccades ini-
tially landed at a position slightly to the left of the words’ center when all variables were at their
reference (mean) value, and words were about 6 letters long (intercept estimate: -0.62161).
However, they landed closer to the end of shorter and less eccentric words, as suggested by the
negative and positive slope estimates for the effects of word length and saccadic launch-site
distance (-0.22438 and 0.35929 respectively). The interaction between launch-site distance and
word length was significant (estimate: 0.04516), indicating that the launch-site effect became
slightly greater with increasing word length. This was again unrelated to launch-site distance
being expressed relative to the space in front of the words; when within-word landing positions
were re-analyzed as a function of word length and word-center-based launch-site distance, the
interaction remained significant, while the effect of word length was now only marginally sig-
nificant (see S8 Table).
Most importantly, although there was now a marginally significant effect of word frequency
on within-word initial landing positions (estimate: 0.01986; t = 1.96007), both the interaction
between word frequency and word length and the interaction between word frequency, word
length and launch-site distance were again significant (estimate: 0.01695 and 0.00414 respec-
tively). The positive slope estimates indicated a tendency for saccades to land slightly closer to
the words’ end as their frequency increased, with this tendency becoming greater in longer
words, and even more so as saccades were launched from closer to the words’ beginning. This
is illustrated in Fig 10A and 10B, where the model’s predictions for the effects of word length
and launch-site distance were represented for the two most extreme word-frequency values
across all selected words. From this figure, it is again quite clear that the effect of word fre-
quency remained relatively small in comparison with the effects of word length and launch
site. This was only about half of the effect of launch-site distance in the most optimal condi-
tions (longest word and smallest launch-site distance), and actually much less since the range
of word frequencies for a given word length was less than the range of word frequencies across
all words. Still, the fact that there was an effect of word frequency at least in long words does
suggest that within-word landing positions, just as word-skipping likelihood, are slightly mod-
ulated by language-related variables.
In sum, despite word length and launch site were strong predictors of initial landing posi-
tions in words, word frequency did also slightly, though significantly, contribute. Importantly,
its impact was greater when landing positions were on average away from the word bound-
aries, as in the case of long words, and when the saccades were launched from close enough to
the words’ beginning so that the words could benefit from peripheral preview. This is clearly
in contradiction with predictions from word-based models, but in line with the assumption
that saccades are overall slightly modulated by linguistic processing, regardless of word
boundaries.
Overall landing positions (regardless of word boundaries)
In the above analyses, we found that word frequency, and to some extent word predictability,
not only influenced the likelihood of word skipping, but also within-word landing positions, at
least for some word lengths and/or saccadic launch-site distances. Critically, while word fre-
quency had a greater impact on the likelihood of skipping shorter words, it influenced almost
exclusively saccades’ initial landing positions in long words. These findings, in contradiction
with the predictions from word-based models, provided a first set of evidence for the hypothe-
sis that ongoing peripheral word-identification processes overall modulate where the eye
moves, regardless of word boundaries.
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The non-word-based view makes yet another, more direct, prediction. It predicts that sac-
cades should land further on the line of text when the word immediately to the right of fixation
(N+1) is easier to process, and even more so in optimal peripheral preview conditions, that is
when the word is shorter and less eccentric. To test this prediction, we thus re-analyzed the
Fig 10. Estimated within-word landing positions. Partial effects (with 95% confidence intervals) computed from LMM parameters (Table 7), representing
within-word initial landing positions for all words in the sentences as a function of word length (in letters; A), and for 4-, 6-, 8-, and 10-letter words as a function
of launch-site distance (in letters relative to the space in front of the words; B), separately for the two most extreme word-frequency values across all selected
words regardless of their length (-2.66 and 9.59 log units respectively; B).
https://doi.org/10.1371/journal.pone.0219666.g010
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data, but measuring this time the landing positions of all saccades launched from a given word
(N), regardless of the word they landed on, as a function of the properties of Word N+1 and
saccades’ launch site distance to the space in front of Word N+1. These overall landing-posi-
tion analyses, unlike the above analyses, did not imply word-based truncation of landing-site
distributions (see also [39, 122, 123]). Saccades between 0 and n words in length were assumed
to belong, at least by default, to the same population, thus allowing a more objective/neutral
test of word-based vs. non-word based hypotheses, while avoiding limitations due to floor/ceil-
ing effects as in the above word-skipping rate and within-word landing-position analyses.
These overall saccadic landing-position analyses were conducted across all words in the
sentences. Indeed, given the wider range of possible landing positions, in comparison with
within-word landing positions, the n was too low for these analyses to be conducted over the
test words only. The same selections as for within-word landing-position analyses were
applied, except that the fixation of interest was part of the first eye pass on a word, and hence
not necessarily the first fixation on a word: this corresponded either to a refixation of Word N
or the first fixation on one of the following words (Word N+1, N+2 . . .). The critical word, N
+1, was between 3 and 11 letters, not the first or last word on the line, not preceded or followed
by punctuation, and not a compound word. In addition, the fixation of interest was within a
window of -10 to 20 letters around the center of Word N+1.
Assuming non-word-based eye-movement guidance, we expected that overall landing-site
distributions would shift further towards the end of the line for high- compared to low-fre-
quency N+1 Words, though more largely as the words were shorter and less eccentric. In con-
trast, word-based models, predicted at least bimodal distributions, centered respectively on
Words N+1 and N+2, with a smaller peak associated with high- compared to low-frequency N
+1 Words, but no word-frequency related shift in landing positions. As further detailed below,
the data were inconsistent with these latter predictions, arguing instead for non-word-based
eye-movement guidance.
In Fig 11, overall landing-site distributions across all words in the sentences were plotted
for two categories of word frequencies (low vs. high; see Figure Legend), separately for short
(3- and 4-letter) and long (7- and 8-letter) words and for different saccadic launch-site dis-
tances (in 2-letter bins). The distributions were for the great majority unimodal. There was
only a tendency for the right tail of landing-site distributions to be elongated in the case of lon-
ger and less eccentric words (upper right panels), as well as a tendency for somewhat bimodal
distributions at the largest launch sites (lower panels), although it is hard to tell whether the lat-
ter was due to a lack of data or within-word refixations forming a separate population. In any
case, there was clearly no evidence for the distributions to exhibit two distinct modes, with one
centered on Word N+1, and the other centered on Word N+2. Actually, most saccades landed
beyond the end of very short (3- and 4-letter) N+1 words, and within the boundaries of long
(7- and 8-letter) N+1 words, with the exact landing position relative to the beginning of N+1
words being primarily a function of the saccades’ launch-site distance to the space in front of
the words as well as the words’ length. As saccadic launch-site distance increased, the distribu-
tions shifted leftward, peaking closer to the end/center of short words, and the very-beginning
of long words (or in front of it). Moreover, as word length increased, the distributions peaked
slightly closer to the words’ beginning. Most importantly, there was a slight, though quite con-
sistent, rightward shift in landing-site distributions with increasing word frequency; this indi-
cated that saccades tended to land slightly further as N+1 words were more frequent, though
to greater extents when the words were shorter (and in particular 4 letters long) and not too
far out in the periphery (< 7 letters). As a result, word frequency nearly exclusively influenced
the likelihood of word skipping in the case of short words, while mainly affecting within-word
landing positions in the case of long words, in line with the above analyses.
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An LMM was fitted to overall saccadic landing positions, as measured from the beginning
of N+1 Words, using the same cut-off selections for word length and launch-site distance as in
within-word landing position analyses. As shown in Table 8, where the model’s fixed effects
were reported, saccades landed 1.7 letters away from the beginning of N+1 Words, when all
variables were at their reference, mean, value, and words were about 5 letters long. The positive
Fig 11. Overall landing-position distributions. Across-participants probability density functions (bandwidth: 1 letter
or 0.25˚; Gaussian Kernel) of all saccades’ landing positions regardless of word boundaries (or overall landing
positions), expressed in letters relative to the beginning of Word N+1 (i.e., the word immediately to the right of the
word (N) from which the saccade was launched), with positive values corresponding to landing positions on this word
or beyond it, and negative values corresponding to landing positions in front of the word, and hence refixations of
Word N. Distributions were plotted, using all words in the sentences that responded to our selection criteria (see Text),
separately for short and long N+1 words (3–4 and 7–8 letters in left and right panels respectively), different saccadic
launch-site distances (in letters relative to the space in front of Word N+1), binned in two-letter intervals (from upper
to lower panels: [0,-2[, [-2,-4[, [-4,-6[, [-6,-8[, referred to as -1,-3,-5 and -7 respectively), and for high vs. low-frequency
N+1 words (i.e., the words that fell respectively within the two most extreme categories of word frequencies when
grouped into three bins; see Materials and Methods). Light-grey rectangle areas represent the horizontal extent of the
words.
https://doi.org/10.1371/journal.pone.0219666.g011
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slope estimate for the effect of launch-site distance (0.94341), indicated that landing positions
shifted by only a bit less than one letter for every one-letter increment of the launch-site dis-
tance, thus suggesting that the launch-site effect more than doubled its size when all saccades’
landing positions, instead of only within-word landing positions, were considered for analysis
(see Table 7 for comparison). Note that this was not a result of saccades’ landing positions
being measured relative to the beginning of N+1 Words. When data were re-analyzed using
word-center-based launch sites and landing sites, a similar slope was obtained (estimate:
0.93986; S9 Table). This first result confirms that the launch-site effect extends well beyond the
word boundaries, while showing that its slope varies with how data are analyzed ([21, 39], see
also [30]). In the discussion below, we will see that this is also inconsistent with predictions
from word-based models.
The model’s fixed effects additionally revealed a significant effect of word length, suggesting
that saccades landed closer to the beginning of longer N+1 Words (estimate: -0.43359). More
critically, there was a significant effect of word frequency (estimate: 0.10661), as well as a sig-
nificant interaction between word frequency and word length (estimate: -0.02027). This indi-
cated that saccades landed further away with increasing word frequency, and even more so as
words were shorter and hence more greatly benefited from peripheral preview. As shown in
Fig 12, where the model’s predictions were represented for the two most extreme word-fre-
quency values across all selected words, there was a clear word-frequency effect for short, 3-
and 4-letter, words. Given that these words were most often skipped, this indicates that even
word-skipping saccades landed at different locations on the line depending on the words’
Fig 12. Estimated overall landing positions. Partial effects (with 95% confidence intervals) computed from LMM
parameters (Table 8), representing saccades’ overall landing positions for all words in the sentences as a function of
word length (in letters), separately for the two most extreme word-frequency values across all selected words (-2.66 and
9.59 log units respectively).
https://doi.org/10.1371/journal.pone.0219666.g012
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frequency. The additional fact that the word-frequency effect extended to longer words, that
were most often fixated, confirmed the above-reported effect for within-word landing positions.
Thus, contrary to the predictions made by word-based models, but in line with the non-
word-based view, linguistic variables did influence where the eye moved on the line of text,
regardless of word boundaries. Their effects were smaller in longer words, that less largely
benefited from peripheral preview, and much smaller compared to the effects of saccadic
launch-site distance and word length, therefore suggesting that linguistic variables modulated
only occasionally the length of default forward saccades, as determined based on low-level
visuo-motor mechanisms.
Discussion
To test the general hypothesis that eye movements during reading are purposely guided from
one word to another word based on the (expected) needs of ongoing word-identification pro-
cessing, we re-examined the long-studied influence of language-related variables on forward
eye-movement behavior, but using linear-mixed-effect modeling applied to a large and well-
controlled sentence-reading data set. We found that the words’ frequency of occurrence in the
language, and their predictability from the sentence context (in the case of test words), only
mildly influenced where the eye moved next, in comparison with the words’ length and the
saccades’ launch-site distance to the beginning of words. Nevertheless, frequency and predict-
ability affected not only the likelihood of word skipping, but also within-word landing posi-
tions, all depending on the words’ length and eccentricity. Words that were shorter (3–5 letters
long), and also closer to the saccade’s launch site, were more often skipped, and even more so
as their frequency, and/or their predictability increased. However, as word length increased,
the likelihood of word skipping became both smaller and less strongly affected by word fre-
quency/predictability, while within-word landing positions, closer to the words’ center, started
showing variations with frequency and predictability. As suggested in further analyses, these
effects came from an overall slight shift of saccades’ landing positions towards the end of the
line of text, with increasing easiness of Word N+1. In the next sections, we explain how these
novel findings contradict the predominant top-down word-based account of eye-movement
guidance during reading. We then argue, in line with Vitu’s [5, 6] bottom-up, non-word-
based, CoG hypothesis, that saccades drive the eye forward along the lines of text regardless of
word boundaries, primarily as a result of low-level, non-word-based, spatial-integration mech-
anisms, and only exceptionally based on ongoing language-related processes.
Evidence against top-down word-based eye-movement guidance
The general hypothesis in top-down word-based models, that the metrical properties of sac-
cadic eye movements during reading result from a compromise between a saccade-targeting
strategy towards the center of peripherally selected target word(-object)s and SRE ([1–4, 19],
see also [14–16, 20]), relies on two main arguments. The first relates to the many empirical
findings showing that the words that are skipped are more easily processed in peripheral
vision: they are not only shorter [9, 20] and less eccentric [44, 45], but they are also visible (in
opposition to being masked in peripheral vision [46–49]), highly frequent [50–56], and/or
highly predictable [20, 48, 50, 55, 58–65]. The second argument relates to the well-established
fact that within-word landing positions systematically vary with saccades’ launch-site distance
to the center of words [20, 22, 30, 31], but often fail to show clear and significant variations
with the words’ linguistic properties (for reviews see [6, 21, 56, 67]).
In line with these findings, and hence word-based models, our results first confirmed that
the likelihood of word skipping varies with word length and saccadic launch-site distance, as
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well as the frequency, and to a lesser extent the predictability, of words. However, the fact that
frequency and predictability effects, which occurred mainly in shorter and less eccentric
words, remained much smaller than the effects of word length and saccadic launch-site dis-
tance (see also [44, 54, 66, 71], but see [72]) may represent a challenge for top-down, word-
based (and non-word-based), models, and E-Z Reader and SWIFT [1, 2] in particular. Both
models can predict a reduction in word-skipping rate with increasing word length (and eccen-
tricity). Still, given the models’ underlying assumption that selection of a saccade-target word
relies on ongoing word-identification processing weighted by letter eccentricity, it remains
undetermined whether the models’ predicted effect of word length is lexical or visual in nature,
and hence whether it would be much greater than the effect of lexical variables. As word length
is negatively correlated with word frequency, this could, at least partly, be an effect of word fre-
quency (and vice-versa) [124]. The proof is that SWIFT not only requires switching off lexical
processing, but also a re-adjustment of the letter-visibility function (and additional assump-
tions) to predict a quasi-similar length effect during the reading of meaningless (z-trans-
formed) text material ([73]; for E-Z reader applied to z-reading see [125]). GLENMORE
makes a distinction between visual and lexical processes: It assumes that early-triggered sac-
cades are guided in a blob-based manner, simply based on ongoing non-lexical visual process-
ing (i.e., visual-acuity function [4, 126]), and that later-triggered saccades reflect lexical, word-
based guidance. This model should therefore more easily account for our observation that
word length more greatly affected the likelihood of word skipping than linguistic variables.
Whether GLENMORE would provide a sensible account for the reduction in skipping rate
with increasing letter-string length and saccadic launch-site distance during the reading of
meaningless z-transformed texts [73–76], however remains debatable. Since z-letter strings
have no linguistic content and are 100% predictable, they should always be skipped, regardless
of their length, unless word-skipping behavior reflects hard-wired pre-determined visuo-
motor scanning routines that cannot be turned-off in the absence of linguistic content and/or
in low uncertainty conditions [11, 12].
Our landing-position findings however provided further and unambiguous arguments
against word-(object-)based accounts of eye-movement guidance during reading. Our first
observation that within-word landing positions were part of a larger, a-priori unimodal, distri-
bution of saccades’ landing positions, that largely extended outside the word boundaries (see
also [39]) is already in contradiction with the prediction made by word-based models, that
there should be as many modes as possible target words (minimally the next word, N+1, and
the word following it, N+2). Our additional finding that these distributions shifted by about
0.9 letter towards the beginning of Word N+1 (or even in front of it) with every one-letter
increment of the saccades’ launch-site distance to Word N+1 (for similar findings during Chi-
nese reading see [21, 53]) simply is inconsistent with the general hypothesis that saccades’
landing positions result from a compromise between a word-center saccade-targeting strategy
and SRE. This hypothesis was proposed precisely because it was thought that there is a rela-
tively invariant linear relationship between launch site and landing site, with a typical slope of
0.5, which is just halfway between a slope of 0 that would indicate that the eyes always land at
the center of words, and a slope of 1 that would reflect a tendency to make constant eye steps
forward [22]. Using the same rationale, the here-observed slope of 0.9 would mean that sac-
cades in our study were mostly driven by SRE, and hence mostly prone to move the eye a con-
stant distance forward. However, this was unlikely the case because saccades’ landing positions
were also strongly influenced by the length of peripheral words. Note in addition, that several
previous studies showed that the slope of the linear relationship between saccades’ launch sites
and within-word landing sites is not invariant, but rather depends on the peripheral visual
configuration [39, 127, 128]. Accordingly, but in contradiction with McConkie et al.’s [22]
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original findings, we found that the effect of launch-site distance on (within-word) landing
positions became stronger with increasing word length.
Another strong argument against word-based guidance came from our finding that within-
word landing positions, and even more so overall landing positions, were not exclusively influ-
enced by saccadic launch-site distance and word length, but also depended on the words’ lin-
guistic properties. Just like word-skipping rate slightly increased with increasing word
frequency and to some extent also word predictability, within-word landing positions mildly
shifted towards the end of more frequent and more predictable words. The fact that these lan-
guage-related effects on within-word landing positions intervened mainly in long words, while
the same effects on word-skipping likelihood occurred mainly in short words, is not surprising
when considering that analyses of within-word landing positions rely on truncated landing-
site distributions. Since saccades’ overall landing-position distributions peaked towards the
center of long words, but near the very-end of short words or even beyond it, they could yield
effects of linguistic factors on within-word landing positions mostly in long words (see Figs 1
and 11). The fact yet that less information can be gathered from long words, in comparison
with short words, in the periphery, combined with the slowness of language-related processes
[42, 43], explains why these effects remained tiny. It also accounts for the fact that many previ-
ous studies failed to observe effects of word frequency or word predictability on initial fixation
locations in words during the reading of alphabetic languages [56, 61, 62, 69, 70, 79–84]. Varia-
tions in within-word landing positions with the words’ orthographic and/or morphological
properties were however largely reported ([56, 82, 83, 85, 88–94, 96–103], but see [52, 70, 95,
104–105]). Most importantly, word-frequency and word-predictability effects were also found
in a couple of studies and most often in conditions similar to ours, that is mainly in long test
words (> = 7 letters on average [55, 56, 85–86]; but for an effect in shorter words see [87]), just
as the effects of orthography and morphology (see in particular [56]). Moreover, these effects
were much smaller than the effects of word length and saccadic launch-site distance, as in our
study. Thus, the fact that Rayner et al.’s [69] data revealed only a tiny, though non-significant,
effect of word predictability on within-word landing positions at close-launch sites, was likely
due to their words being too short (5–6 letters): as the distributions peaked very near to the
end of words (at least in their Experiment 2), the effect mainly took place beyond the word
boundaries, being significant only for the likelihood of word skipping.
Interestingly, Liu and colleagues [21, 64] reported very similar findings to ours for the read-
ing of Chinese sentences. They showed that word frequency, word predictability, and periph-
eral preview significantly modulated saccades’ overall landing positions on the line of text,
though much less than saccadic launch-site distance. Still, the former, language-related, effects
sometimes yielded effects on within-word landing positions [21, 108], but some other times
resulted in variations in word-skipping rate [53, 64]. This was likely because their words,
though only two-characters long, were of about the same angular extent (2˚) as the smallest
words that yielded significant language-related variations in within-word landing positions in
our study (8 letters or 2˚), and in previous studies (1.98˚-4.5˚). Indeed, Yen et al. [48] reported
a marginally significant effect of word frequency on the likelihood of word skipping, but no
effect on within-word landing positions, for 2-character words that subtended only about
1.64˚. In contrast, Zhou et al. [106] found an effect of word frequency on within-word landing
positions, but no effect on word-skipping likelihood, for words extending about 2.4˚ (see also
[31]). Note that these authors additionally showed an effect of word-boundary ambiguity on
within-word landing positions (see also [129], but see [130]), which they interpreted as evi-
dence for flexible saccade-target selection in Chinese reading (i.e., towards the center or the
beginning of words, depending on the success of word segmentation). However, since word
segmentation inevitably plays a role in word identification, their effect, nearly as small as
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(previously reported) word-frequency effects, could well be another instance by which ongoing
word-identification processes modulate default saccade amplitude.
Finally, our additional finding that word frequency influenced saccades’ landing positions
on the line of text even in the case of short and near words, that were most often skipped, fur-
ther strengthens our non-word-based interpretation of previous word-based results. Assuming
that ongoing peripheral word-identification processes only have all-or-none influences on
selection of a saccade target word simply cannot lead to the prediction that both skipping and
non-skipping saccades would land further away from the beginning of Word N+1 as this
becomes easier to process. These findings also suggest that word-based analyses of saccadic
behavior can be misleading [39].
Thus, in contradiction with the predominant word-based account of eye-movement guid-
ance, saccades during the reading of alphabetic, as well as un-spaced non-alphabetic, lan-
guages, do not seem to rely on segmentation of the text into saccade-target word(-object)s,
and where they actually land very unlikely reflects a compromise between a (word-center) tar-
geting strategy and SRE. Rather, where on the line of text (and with respect to word bound-
aries) the eyes move next would primarily be a function of the peripheral visual configuration
on a given eye fixation, as determined by the words’ length and eccentricity. Language-related
processes would also intervene, but they would overall modulate saccades’ landing positions
regardless of word boundaries, rather than exclusively influencing the likelihood the next
word(s) is(are) skipped. Moreover, this would happen essentially when all conditions (word
length and eccentricity) are met for an optimal peripheral preview of the word(s), and even
more so when the word’s linguistic properties (frequency or predictability) combine to further
reduce uncertainty.
An alternative, bottom-up, non-word-based account of eye-movement
guidance
Several models of eye-movement control during reading have already been proposed, that do
not involve word-based saccade-targeting processes. The great majority relies on the idea, orig-
inally proposed in McConkie’s [36] perceptual-span theory, that readers move their eyes
towards the next location on the line, that optimizes the processing of new visual information,
given the amount of information acquired from the prior eye fixation (for a review see [67]).
Though rapidly abandoned to the profit of top-down word-based eye-movement guidance
(for reviews see [6, 11, 68]), this theory was recently revisited to account for Chinese reading
[21, 53], as well as reading with a macular scotoma ([17, 34, 35], see also [131]). According to
the former, Dynamic Saccade Adjustment (DSA) model, the length of forward saccades would
be adjusted continuously based on the amount of peripheral preview, as determined by prior
fixation duration, and both the frequency and the visibility of the next word in peripheral
vision. On the other hand, according to Mr. Chips, an ideal observer model of reading with a
macular scotoma, saccades would be guided towards the next location on the line that mini-
mizes uncertainty on the currently processed word, given both visual acuity and crowding,
combined with lexical inferences.
Mr. Chips, and likely also DSA, can simulate sighted readers’ seemingly word-based eye-
movement behavior (e.g., the greater likelihood of skipping shorter and easier words). More-
over, both models can account for the launch-site effect, and without making recourse to the
greatly debated SRE hypothesis ([27, 28, 39], see also [127, 128, 132–134]); assuming this
results from ongoing visual and lexical word-identification processes within the visual/percep-
tual span, they even (potentially) predict that this effect extends beyond the word boundaries.
Still, the models’ processing-based account of the launch-site effect can hardly be reconciled
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with the fact that previous attempts at showing an influence of the availability of peripheral
preview on within-word landing positions either failed [28, 77, 78], or yielded effects that were
four to five times smaller than the effect of launch site [22]. In addition, as further developed
below, the models’ underlying assumption, as in word-based models, that there is enough time
during an eye fixation during reading for visual and language-based top-down selection of a
saccade goal is debatable. Thus, the perceptual-(visual-)span account, though non-word-
based, does not appear to us as the best possible explanation for eye-movement guidance dur-
ing reading.
Yang and McConkie [7, 8] were the first to experimentally address the timing issue. Using
gaze-contingent display-change manipulations, they showed that inter-word spacing, and
even more so word-information content, become available to the saccadic system only late
during a fixation (i.e., not before about 175–200 ms and 225–250 ms from fixation onset
respectively). On that basis, they proposed the assumption that eye movements during reading
are by default purely driven by strategy-based activation, a SRE-like bias to move the eye a con-
stant distance forward (see also [135–136]), and only later visually and linguistically controlled.
The authors’ Competition/Interaction (C/I) model relies on this assumption. Although this
model is conceptually different from word-based models, it turns out to be as problematic,
notably because it makes quite similar predictions for the landing positions of forward sac-
cades. First, given the range of fixation durations during reading, and the fact that 90% of
them are longer than 150 ms, this model paradoxically predicts a major role of visual input, at
the expense of strategy-based activation [18]. Since visually based guidance is a function of let-
ter-based activation, as weighted by letter eccentricity, letter-distance to the center of words,
and word length, this means that saccades would be essentially driven in a word-based man-
ner. Thus, while the model predicts, in line with previous findings, that the eyes should land
closer to the words’ beginning as word length and launch-site distance increase [22], it also
predicts that the landing-position distributions of forward saccades should be multimodal,
with each mode aligned with a possible target word (see Fig 3 in Yang [18]). However, as we
have seen above, this is not the case. In addition, given the predominance of visually based
guidance, the slope of the linear relationship between saccades’ launch site and landing sites
should be no greater than 0.5, and likely less (see above), thus in contradiction with the here-
observed slope of about 0.9. On the other hand, the model’s additional assumption that ongo-
ing language processing contributes only through saccadic inhibition cannot lead to predict an
overall shift in saccades’ landing-position distributions towards, or even beyond, the end of
easier words, as we observed (see also [108]). When a processing difficulty is encountered, the
region in the motor map coding for the planned saccade would be inhibited. This should in
turn both reduce the propensity to move the eye forward and inflate the likelihood of short-
amplitude forward saccades (or within-word refixations), but it should have no effect on the
landing positions of large-amplitude forward saccades. Thus, although we cannot reject all
assumptions made in the C/I model, this does not seem to propose a sensible and accurate
account for where on the line of text the eyes land.
The alternative, center-of-gravity theory, that was originally proposed by Vitu [5, 6, 40,
137], may provide a more appropriate framework to account for the present findings, and pos-
sibly also eye-movement guidance in other, non-alphabetic, languages. Unlike word-based
models, this incorporates neither selection of a saccade target word(-object), nor segmentation
of the text into perceptual word units, to predict where the eyes land when moving forward.
On any given eye fixation during reading, each letter on the line of text would be assigned a
given level of activity, depending only on its distinctiveness from the background, and hence
also its eccentricity, but regardless of the word it belongs to. Where the eyes move next would
then directly derive from spatial-integration mechanisms, the same mechanisms that were
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shown to determine the metrical properties of saccades in simple saccade-targeting tasks [41].
These mechanisms take place in the Superior Colliculus (SC), a midbrain structure that trans-
forms visual input into the spatial code for a saccade [138]. The SC receives afferents from
many cortical areas, but also directly from the retina [139]. As spatial coding is distributed
over populations of neurons with large and overlapping receptive/movement fields, saccades
move the eyes to the location in space that corresponds to the center of gravity of the entire
active population [140]. Given the magnification factor, or overrepresentation of space closer
to the fovea ([141–142], see also [143]), the eyes therefore land by default towards a fovea-
weighted center of gravity of the global peripheral configuration, meaning away from their
target when this is displayed simultaneously, with other, proximal (distractor) stimuli
([133]; for a review see [5]). In a similar manner, saccades during reading would move the
eye towards a fovea-weighted center of gravity of the global visual configuration formed by let-
ters to the right of fixation, regardless of letter identity and word boundaries [5, 137]. The
resulting overall distributions of saccades’ landing positions should therefore be unimodal,
and peak either within or beyond the boundaries of the next word on the line (N+1), depend-
ing on the word’s length and eccentricity, as we observed. Saccades launched from close to the
beginning of Word N+1 would tend to land beyond the end of the word when it is short, and
near the end of the word when it is long, being pulled forward by material ahead of Word N
+1. Moreover, as saccades are launched from further away, their landing position would pro-
gressively shift towards the word’s beginning, thus reproducing the well-known launch-site
effect [22].
The center-of-gravity (or global) effect is a quasi-irrepressible oculomotor response, that
vanishes only when saccade latency is greatly prolonged [144], and even more so as the visual
array is visually more complex ([132, 145]; for a review see [5]). Top-down, language-based,
guidance is therefore not impossible, but given its slowness compared to bottom-up, lumi-
nance-contrast, guidance (through the direct retino-tectal pathway [139]), it could only inter-
vene punctually to modulate saccades’ landing positions. This would be the case when fixation
durations are prolonged, and/or when visual and linguistic variables combine to favor an early
access to the word’s representation. Thus, as we observed, the eyes would land slightly further
on the line of text as the frequency and/or the predictability of Word N+1 increases, though
more greatly when the word is both short and close enough to fall within the limits of the per-
ceptual span for letter identity (< 6 letters [67]). Still, depending on the word’s length and
eccentricity, this would either increase the likelihood the word is skipped or take the eyes fur-
ther towards the end of the word, as we reported.
MASC, a model of Attention in the SC, accounts for eye-movement guidance in a range of
perceptual tasks, simply based on saccade-programming principles in the SC, though taking
into account many more SC constraints than originally envisaged in Vitu’s CoG theory [146].
As evidenced in a companion paper, its behavior while viewing sentences from the FSC, very
much resembled reader’s eye-movement patterns, even despite this being deprived of lan-
guage-related knowledge and top-down control [147]. Yet, MASC showed some differences
with readers, in line with the here-observed tiny linguistic influences, thus comforting our
conclusion that eye-movement guidance during reading is primarily a result of low-level, non-
word-based, visuo-motor processes, and only subject to one-off language-based modulations.
This model, as the present paper, still only dealt with where, but not when, the eyes move dur-
ing reading. Whether on ongoing word-identification processes beat visuo-motor factors in
determining fixation durations, as predicted by top-down models, and in line with several
empirical findings, though not all (for reviews see [6, 67]), is another issue that will be
addressed in future work.
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Conclusion
In contradiction with the long-standing assumption that saccadic eye-movements during
reading are guided in a word-based manner, we have shown that the frequency, and to some
extent the predictability, of words affect both the likelihood of word skipping, and where in
the words the eyes land, thus overall influencing saccades’ landing positions regardless of word
boundaries. Still, these effects were small, and much smaller compared to the effects of word
length and saccadic launch-site distance, which remained the best predictors of readers’ eye
movement patterns. Altogether these findings argue for the hypothesis that saccade metrics
during reading are primarily determined based on low-level visuo-motor mechanisms that
require neither word segmentation nor selection of a saccade-target word(-object) in the
periphery. Top-down, language-based, modulations of eye-movement behavior would inter-
vene only in specific instances, notably when the visual and lexical properties of the peripheral
word(s) combine to allow a fast access to the words’ representation.
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-0.002 letters from the space in front of the test words), and the three-way interactions between
word frequency, word length and launch-site distance and between word predictability, word
length and launch-site distance; the random structure included a random intercept by partici-
pant and by sentence pair, as well as by-participant random effects of word length and launch-
site distance, but without the correlation between random effects. The model’s estimates and
standard errors are expressed in logit units. The intercept estimate (logit: -1.18000) indicates
that test words were skipped in about 23% of the cases, when all variables were at their refer-
ence, mean, value (Word Length: 5.82 letters; Launch Site: -2.93 letters; Word Frequency: 3.06
log units; Word Predictability: -0.96 logit units). Colon stands for interaction.
(DOCX)
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S4 Table. Fixed effects of minimalist optimal GLMM (Model 2’) for the probability of word
skipping. This analysis was conducted across all words in the sentences that responded to our
selection criteria (see Materials and Methods). The fixed structure included the effects of word
length (“LENGTH”; 4–8 letters), word frequency (“FREQ”; between 0.01 and 9.02 log units), and
saccadic launch-site distance (“LAUNCH”; between -6.00 and -0.002 letters from the space in
front of the test words), as well as all three- and two-way interactions, except for the interaction
between word length and launch site; the random structure included a random intercept by par-
ticipant, sentence pair, and word, as well as by-participant random effects of word length and sac-
cadic launch-site distance (see S1 Table). The model’s estimates and standard errors are expressed
in logit units. The intercept estimate (logit: -69274) indicates that the words were skipped in about
33% of the cases, when all variables were at their reference, mean, value (Word Length: 5.60 let-
ters; Launch Site: -2.40 letters; Word Frequency: 4.33 log units). Colon stands for interaction.
(DOCX)
S5 Table. Fixed effects of minimalist optimal LMM for initial landing positions in the test
words. Initial eye landing positions were expressed in letters relative to the center of the test
words. The fixed structure included the effects of word length (“LENGTH”; 3–11 letters), and
saccadic launch-site distance (“LAUNCH”; between -8.00 and -0.002 letters from the space in
front of the test words), the two-way interactions between word frequency and word length,
word predictability and word length, and word length and launch site, as well as the three-way
interaction between word frequency, word length and launch site; the random structure
included a random intercept by participant and sentence pair, as well as by-participant ran-
dom effects of word length, word predictability and saccadic launch-site distance (see S1
Table). The intercept estimate gives the initial landing position when all variables were at their
reference, mean, value (Word Length: 6.20 letters; Launch Site: -4.39 letters; Word Frequency:
2.91 log units; Word Predictability: -0.97 logit units). Colon stands for interaction.
(DOCX)
S6 Table. Fixed effects of (minimalist) optimal LMM for initial landing positions in the
test words, for comparison with McConkie et al.’s [18] findings. Initial eye landing positions
were expressed in letters relative to the center of the test words. In the optimal models (a,c),
the fixed structure included the effects of word length (“LENGTH”; 3–11 letters (a); 4–8 letters
(c)) and saccadic launch-site distance (“LAUNCH”; between -12 and -4 letters from the center
of the test words), as well as the interaction, and in the minimalist optimal models (b,d), the
fixed structure comprised only the effect of saccadic launch-site distance and the interaction
between word length (3–11 letters (b); 4–8 letters (d)) and launch site. The random structure
included a random intercept by participant and by sentence pair, as well as by-participants
random effects of word length and launch site. The intercept estimate gives the initial landing
position when all variables were at their reference, mean, value (Word Length: 6.01 letters (a);
5.85 letters (b); Launch Site: -8.45 letters (a); -8.42 letters (b)). Colon stands for interaction.
(DOCX)
S7 Table. Fixed effects of minimalist optimal LMM for within-word initial landing posi-
tions. This analysis was conducted across all words in the sentences that responded to our
selection criteria (see Materials and Methods). Within-word initial landing positions were
expressed in letters relative to the center of words. The fixed structure included an effect of
word length (“LENGTH”; 3–11 letters), word frequency (“FREQ”; between -2.66 and 9.59 log
units), and saccadic launch-site distance (“LAUNCH”; between -9.99 and -0.001 letters from
the space in front of the words), as well as all interactions, except for the interaction between
word frequency and launch site; the random structure included a random intercept by
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participant, sentence pair, and word, as well as by-participant random effects of word frequency,
word length and launch-site distance (see S1 Table). The intercept estimate gives the initial
landing position when all variables were at their reference, mean, value (Word Length: 5.94 let-
ters; Launch Site: -4.86 letters; Word Frequency: 4.11 log units). Colon stands for interaction.
(DOCX)
S8 Table. Fixed effects of optimal LMM for within-word initial landing positions, for com-
parison with McConkie et al.’s [18] findings. These analyses were conducted using all words
in the sentences that responded to our selection criteria (see Materials and Methods). Initial
eye landing positions were expressed in letters relative to the center of words. The fixed struc-
ture included the effects of word length (“LENGTH”; 3–11 letters (a); 4–8 letters (b)) and sac-
cadic launch-site distance (“LAUNCH”; between -12 and -4 letters from the words’ center), as
well as the interaction; the random structure included a random intercept by participant, sen-
tence pair, and word, as well as by-participant random effects of word length and launch-site
distance. The intercept estimate gives the initial landing position when all variables were at
their reference, mean, value (Word Length: 5.79 letters (a); 5.88 letters (b); Launch Site: -8.29
letters (a); -8.22 letters (b)). Colon stands for interaction. Note that corresponding minimalist
optimal models were exactly identical.
(DOCX)
S9 Table. Fixed effects of optimal LMM for overall landing positions, for comparison with
McConkie et al.’s [18] findings. Were considered for analysis all saccades’ landing positions;
these were expressed relative to the center of Word N+1. The fixed structure included the ef-
fects of word length (“LENGTH”; 3–11 letters) and saccadic launch-site distance (“LAUNCH”;
between -12 and -2.50 letters from the center of Word N+1), as well as the interaction. The
random structure included a random intercept by participant, sentence pair, and word, as well
as by-participant random effects of word length and saccadic launch-site distance. The inter-
cept estimate gives the landing position when all variables were at their reference, mean, value
(Word Length: 5.01 letters; Launch Site: -6.65 letters). Colon stands for interaction. Note that
the corresponding minimalist optimal model was exactly identical.
(DOCX)
Acknowledgments
This work greatly benefited from the help of Bruno Nazarian who wrote the program for stim-
ulus presentation and data acquisition, Delphine Massendari who tested the program and
helped with data analysis, and Bohdana Zakova, who collected the data; we would like to
warmly thank all them three.
Author Contributions
Conceptualization: Claire Albrengues, Fre´de´ric Lavigne, Franc¸oise Vitu.
Data curation: Carlos Aguilar, Eric Castet, Franc¸oise Vitu.
Formal analysis: Claire Albrengues, Fre´de´ric Lavigne, Carlos Aguilar, Eric Castet, Franc¸oise
Vitu.
Funding acquisition: Eric Castet, Franc¸oise Vitu.
Investigation: Claire Albrengues, Franc¸oise Vitu.
Methodology: Claire Albrengues, Fre´de´ric Lavigne, Carlos Aguilar, Franc¸oise Vitu.
Linguistic processes modulate where the eyes move regardless of word boundaries
PLOS ONE | https://doi.org/10.1371/journal.pone.0219666 July 22, 2019 40 / 47
Project administration: Fre´de´ric Lavigne, Franc¸oise Vitu.
Resources: Claire Albrengues, Fre´de´ric Lavigne, Carlos Aguilar, Eric Castet, Franc¸oise Vitu.
Software: Carlos Aguilar, Eric Castet, Franc¸oise Vitu.
Supervision: Fre´de´ric Lavigne, Franc¸oise Vitu.
Validation: Claire Albrengues, Fre´de´ric Lavigne, Eric Castet, Franc¸oise Vitu.
Visualization: Claire Albrengues, Eric Castet, Franc¸oise Vitu.
Writing – original draft: Claire Albrengues, Franc¸oise Vitu.
Writing – review & editing: Claire Albrengues, Fre´de´ric Lavigne, Carlos Aguilar, Eric Castet,
Franc¸oise Vitu.
References
1. Engbert R, Nuthmann A, Richter E, Kliegl R. Swift: A dynamical model of saccade generation during
reading. Psychological Review. 2005; 112(4): 777–813. https://doi.org/10.1037/0033-295X.112.4.777
PMID: 16262468
2. Reichle ED, Rayner K, Pollatsek A. The E-Z Reader model of eye movement control in reading: Com-
parisons to other models. Behavioral and Brain Sciences. 2003; 26: 445–526. PMID: 15067951
3. McDonald SA, Carpenter RHS, Shillcock RC. An anatomically constrained, stochastic model of eye
movement control in reading. Psychological Review. 2005; 112: 814–840. https://doi.org/10.1037/
0033-295X.112.4.814 PMID: 16262469
4. Reilly R, Radach R. Foundations of an interactive model of eye movement control in reading. In:
Hyo¨na¨ J, Radach R, Deubel HH, editors. Cognitive and applied aspects of eye movement research.
Amsterdam: Elsevier; 2003. pp. 429–455.
5. Vitu F. About the global effect and the critical role of retinal eccentricity: Implications for eye move-
ments in reading. Journal of Eye Movement Research. 2008; 2((3):6): 1–18.
6. Vitu F. On the role of visual and oculomotor processes in reading. In: Liversedge SP, Gilchrist ID,
Everling S, editors. The Oxford handbook of eye movements. Oxford: University Press; 2011. pp.
731–749.
7. Yang S-N, McConkie GW. Eye movements during reading: a theory of saccade initiation times. Vision
research. 2001; 41(25–26): 3567–3585. PMID: 11718796
8. Yang S-N, McConkie GW. Saccade generation during reading: Are words necessary? The European
Journal of Cognitive Psychology. 2004; 16(1–2): 226–261.
9. Rayner K, McConkie GW. What guides a reader’s eye movements? Vision Research. 1976; 16: 829–
837. PMID: 960610
10. Morrison RE. Manipulation of stimulus onset delay in reading: Evidence for parallel programming of
saccades. Journal of Experimental Psychology: Human Perception and Performance. 1984; 10: 667–
682. PMID: 6238126
11. O’Regan JK. Eye movements and reading. Reviews of Oculomotor Research. 1990; 4: 395–453.
PMID: 7492534
12. O’Regan JK, Le´vy-Schoen A. Eye movement strategy and tactics in word recognition and reading. In:
Coltheart M, editor. Attention and performance XII: The psychology of reading. Hillsdale, NJ: Erl-
baum; 1987. pp. 363–383.
13. Rayner K, Pollatsek S. The psychology of reading. London: Prentice-Hall; 1989.
14. Heinzle J, Hepp K, Martin KA. A biologically realistic cortical model of eye movement control in read-
ing. Psychological Review. 2010; 117: 808–830. https://doi.org/10.1037/a0019575 PMID: 20658854
15. Reilly RG O’Regan JK. Eye movement control during reading: A simulation of some word-targeting
strategies. Vision Research. 1998; 38: 303–317. PMID: 9536356
16. Salvucci DD. An integrated model of eye movements and visual encoding. Journal of Cognitive Sys-
tems Research. 2001; 1: 201–220.
17. Legge GE, Klitz TS, Tjan BS. Mr. Chips: An ideal-observer model of reading. Psychological Review.
1997; 104: 524–553. PMID: 9243963
18. Yang S-N. An oculomotor-based model of eye movements in reading: The competition/interaction
model. Cognitive Systems Research. 2006; 7(1): 56–69.
Linguistic processes modulate where the eyes move regardless of word boundaries
PLOS ONE | https://doi.org/10.1371/journal.pone.0219666 July 22, 2019 41 / 47
19. Rayner K, Li XS, Pollatsek A. Extending the E-Z Reader model of eye movement control to Chinese
readers. Cognitive Science. 2007; 31: 1021–1033. https://doi.org/10.1080/03640210701703824
PMID: 21635327
20. Yan M, Kliegl R, Richter EM, Nuthmann A, Shu H. Flexible saccade-target selection in Chinese read-
ing. Quarterly Journal of Experimental Psychology. 2010; 63: 705–725. https://doi.org/10.1080/
17470210903114858 PMID: 19742387
21. Liu Y, Reichle ED, Li X. The effect of word frequency and parafoveal preview on saccade length during
the reading of Chinese. Journal of Experimental Psychology: Human Perception and Performance.
2016; 42: 1008–1025. https://doi.org/10.1037/xhp0000190 PMID: 27045319
22. McConkie GW, Kerr PW, Reddix MD., Zola D. Eye movement control during reading: I. The location of
initial eye fixations on words. Vision Research. 1988; 28(10): 1107. PMID: 3257013
23. O’Regan JK, Le´vy-Schoen A, Pynte J, Brugaillère B. Convenient fixation location within isolated words
of different lengths and structures. Journal of Experimental Psychology: Human Perception and Per-
formance. 1984; 10: 250–257. PMID: 6232343
24. Brysbaert M, Nazir TA. Visual constraints in written word recognition: Evidence from the optimal view-
ing-position effect. Journal of Research in Reading. 2005; 28(3): 216–228.
25. Kapoula Z. Evidence for a range effect in the saccadic system. Vision Research. 1985; 25(8): 1155–
1157. PMID: 4071995
26. Poulton EC. Human manual control. In: Brooks VB, editor. Handbook of physiology. Section 1: The
nervous system. Volume II: Motor control. Part 2. Bethesda, Maryland: American Physiological Soci-
ety; 1981. pp. 1337–1389.
27. Nuthmann A, Vitu F, Engbert R, Kliegl R. No evidence for a saccadic range effect for visually guided
and memory-guided saccades in simple saccade-targeting tasks. PLOS ONE. 2016; 11(9): 1–27.
28. Vitu F. Research Note: Against the existence of a range effect during reading, Vision Research. 1991;
31 (11): 2009–2015. PMID: 1771784
29. Engbert R, Kru¨gel A. Readers use Bayesian estimation for eye movement control. Psychological Sci-
ence. 2010; 21: 366–371. https://doi.org/10.1177/0956797610362060 PMID: 20424070
30. Radach R, McConkie GW. Determinants of fixation positions in words during reading. In: Underwood
G, editor. Eye guidance in reading and scene perception. Oxford: Elsevier; 1998. pp. 77–100.
31. Tsai J. L., & McConkie G. W. Where do Chinese readers send their eyes? In: Hyo¨na¨ J, Radach R,
Deubel H., editors. The mind’s eye: Cognitive and applied aspects of eye movement research. Oxford,
UK: Elsevier; 2003. pp. 159–176.
32. Engbert R, Nuthmann A. Self-consistent estimation of mislocated fixations during reading. PLOS
ONE. 2008; 3(2): 1–6.
33. Nuthmann A, Engbert R, Kliegl R. The IOVP effect in mindless reading: experiment and modeling.
Vision Research. 2007; 47: 990–1002. https://doi.org/10.1016/j.visres.2006.11.005 PMID: 17184806
34. Klitz TS, Legge GE, Tjan BS. Saccade planning in reading with central scotomas: Comparison of
human and ideal performance. In: Kennedy A, Radach R., Heller D., Pynte J., editors. Reading as a
perceptual process. Elsevier; 2000. pp. 667–682
35. Legge GE, Hooven TA, Klitz TS, Mansfield JS, Tjan BS. Mr Chips 2002: new insights from an ideal-
observer model of reading. Vision Research. 2002; 42: 2219–2234. PMID: 12207981
36. McConkie GW. On the role and control of eye movements in reading. In: Kolers PA, Wrolstad ME,
Bouma H., editors. Processing of visible language (Vol. 1). New York: Plenum; 1979. pp. 37–48
37. Kru¨gel A, Engbert R. On the launch-site effect for skipped words during reading. Vision Research.
2010; 50: 1532–1539. https://doi.org/10.1016/j.visres.2010.05.009 PMID: 20471993
38. Kru¨gel A, Vitu F, Engbert R. Fixation positions after skipping saccades: A single space makes a large
difference. Attention, Perception & Psychophysics. 2012; 74(8): 1556–1561. https://doi.org/10.3758/
s13414-012-0365-1 PMID: 22996322
39. Yao-N’Dre´ M, Castet E, Vitu F. Inter-word eye behaviour during reading is not invariant to character
size: Evidence against systematic saccadic range error in reading. Visual Cognition. 2014; 22: 415–
440.
40. Vitu F. The basic assumptions of E-Z Reader are not well-founded. Behavioral and Brain Sciences.
2003; 26(4): 506–507.
41. Findlay JM., Walker R. A model of saccade generation based on parallel processing and competitive
inhibition. Behavioral and Brain Sciences. 1999; 22(4): 661–720. PMID: 11301526
42. Chanceaux M, Vitu F, Bendahman L, Thorpe S, Grainger J. Word Processing Speed in Peripheral
Vision measured with a Saccadic Choice Task. Vision Research. 2012; 56: 10–19. https://doi.org/10.
1016/j.visres.2012.01.014 PMID: 22306679
Linguistic processes modulate where the eyes move regardless of word boundaries
PLOS ONE | https://doi.org/10.1371/journal.pone.0219666 July 22, 2019 42 / 47
43. Legge GE, Mansfield JS, Chung STL. Psychophysics of reading: XX. Linking letter recognition to read-
ing speed in central and peripheral vision. Vision Research. 2001; 41(6): 725–743. PMID: 11248262
44. Brysbaert M, Vitu F. Word skipping: Implications for theories of eye movement control in reading. In:
Underwood G, editor. Eye guidance in reading and scene perception. Oxford: Elsevier; 1998. pp.
125–147.
45. Kerr PW. Eye movement control during reading: The selection of where to send the eyes. Ph.D Disser-
tation, University of Illinois at Urbana-Champaign. 1992.
46. Blanchard HE, Pollatsek A, Rayner K. The acquisition of parafoveal word information in reading. Per-
ception and Psychophysics. 1989; 46: 85–94. PMID: 2755766
47. Tsai J-L, Kliegl R, Yan M. Parafoveal semantic information extraction in traditional Chinese reading.
Acta Psychologica. 2012; 141: 17–23. https://doi.org/10.1016/j.actpsy.2012.06.004 PMID: 22820455
48. Yen M-H, Tsai J-L, Tzeng OJ-L, Hung DL. Eye movements and parafoveal word processing in reading
Chinese sentences. Memory & Cognition. 2008; 36, 609: 1033–1045.
49. Yen M-H, Radach R, Tzeng OJ-L, Hung DL, Tsai J-L. Early parafoveal processing in reading Chinese
sentences. Acta Psychologica. 2009; 131, 24–33. https://doi.org/10.1016/j.actpsy.2009.02.005
PMID: 19285294
50. Wang H, Pomplum M, Chen M, Ko H, Rayner K. Estimating the effect of word predictability on eye
movements in Chinese reading using latent semantic analysis and transitional probability. The Quar-
terly Journal of Experimental Psychology. 2010; 63(7): 1374–1386. https://doi.org/10.1080/
17470210903380814 PMID: 19998069
51. O’Regan JK. Eye guidance in reading: Evidence for the linguistic control hypothesis. Perception and
Psychophysics. 1979; 25: 501–509. PMID: 492916
52. Radach R, Kempe V. An individual analysis of initial fixation positions in reading. In: d’Ydewalle G, Van
Rensbergen J, editors. Perception and cognition: Advances in eye movement research. Amsterdam,
Netherlands: North-Holland/Elsevier Science Publishers; 1993. pp. 213–225.
53. Liu Y, Huang R, Gao D, Reichle ED. Further tests of a dynamic-adjustment account of saccade target-
ing during the reading of Chinese. Cognitive Science. 2017; 41(6): 1624–1287. https://doi.org/10.
1111/cogs.12487 PMID: 28295571
54. Liversedge S, Zang C, Zhang M, Bai X, Yan G, Drieghe D. The effect of visual complexity and word fre-
quency on eye movements during Chinese reading. Visual Cognition. 2014; 22(3): 441–457.
55. Rayner K, Reichle ED, Stroud MJ, Williams CC, Pollatsek A. The effect of word frequency, word
predictability, and font difficulty on the eye movements of young and older readers. Psychology and
Aging. 2006; 21(3): 448–465. https://doi.org/10.1037/0882-7974.21.3.448 PMID: 16953709
56. Yan M, Zhou W, Shu H, Yusupu R, Miao D, Kru¨gel A, Kliegl R. Eye movements guided by morphologi-
cal structure: Evidence from the Uighur language. Cognition. 2014; 132: 181–215. https://doi.org/10.
1016/j.cognition.2014.03.008 PMID: 24813572
57. Tsai J-L, Lee C-Y, Lin Y-C, Tzeng OJL, Hung DL. Neighborhood size effects of Chinese words in lexi-
cal decision and reading. Language and Linguistics. 2006; 7(3): 659–675.
58. Balota DA, Pollatsek A, Rayner K. The interaction of contextual constraints and parafoveal visual infor-
mation in reading. Cognitive Psychology. 1985; 17: 364–390. PMID: 4053565
59. Drieghe D, Rayner K, Pollatsek A. Eye movements and word skipping revisited. Journal of Experimen-
tal Psychology: Human Perception and Performance. 2005; 31: 954–969. https://doi.org/10.1037/
0096-1523.31.5.954 PMID: 16262491
60. Ehrlich SF, Rayner K. Contextual effects on word perception and eye movements during reading.
Journal of Verbal Learning and Verbal Behavior. 1981; 20: 641–655.
61. Hand CJ, Miellet S, O’Donnell PJ, Sereno SC. The frequency-predictability interaction in reading: it
depends on where you’re coming from. Journal of Experimental Psychology: Human Perception and
Performance. 2010; 36: 1294–1313. https://doi.org/10.1037/a0020363 PMID: 20854004
62. Rayner K, Ashby J, Pollatsek A, Reichle E. The effects of frequency and predictability on eye fixations
in reading: Implications for the E-Z Reader model. Journal of Experimental Psychology: Human Per-
ception and Performance. 2004; 30: 720–732. https://doi.org/10.1037/0096-1523.30.4.720 PMID:
15301620
63. Li X, Bicknell K, Liu P, Wei W, Rayner K. Reading is fundamentally similar across disparate writing sys-
tems: A systematic characterization of how words and characters influence eye movements in Chi-
nese reading. Journal of Experimental Psychology: General. 2014; 143(2): 895–913. https://doi.org/
10.1037/a0033580 PMID: 23834023
64. Liu Y, Guo S, Yu L, Reichle ED. Word predictability affects saccade length in Chinese reading: An
evaluation of the dynamic-adjustment model. Psychonomic Bulletin & Review. 2018; 25: 1891–1899.
https://doi.org/10.3758/s13423-017-1357-x PMID: 28762028
Linguistic processes modulate where the eyes move regardless of word boundaries
PLOS ONE | https://doi.org/10.1371/journal.pone.0219666 July 22, 2019 43 / 47
65. Rayner K, Li X, Juhasz BJ, Yan G. The effect of word predictability on the eye movements of Chinese
readers. Psychonomic Bulletin & Review. 2005; 12(6): 1089–1093.
66. Brysbaert M, Drieghe D, Vitu F. Word skipping: Implications for theories of eye movement control in
reading. In: Underwood G, editor. Cognitive processes in eye guidance. Oxford, NY: Oxford Univer-
sity Press; 2005. pp. 53–77.
67. Rayner K. Eye movements in reading and information processing: 20 years of research. Psychological
Bulletin. 1998; 124: 372–422. PMID: 9849112
68. O’Regan JK, Vitu F, Radach R, Kerr PW. Effects of local processing and oculomotor factors in eye
movement guidance in reading. In: Ygge J, Lennerstrand G, editors. Eye movements and reading.
Oxford, England: Pergamon Press; 1994. pp. 329–348.
69. Rayner K, Binder KS, Ashby J, & Pollatsek A. Eye movement control in reading: word predictability
has little influence on initial landing positions in words. Vision Research. 2001; 41(7): 943–954. PMID:
11248279
70. White SJ. Eye movement control during reading: Effects of word frequency and orthographic familiar-
ity. Journal of Experimental Psychology: Human Perception and Performance. 2008; 34: 205–223.
https://doi.org/10.1037/0096-1523.34.1.205 PMID: 18248149
71. McConkie GW, Kerr PW, Dyre BP. What are "normal’ ’ eye movements during reading: Toward a
mathematical description. In: Ygge J, Lennerstrand G, editors. Eye movements in reading. Oxford,
England: Pergamon Press; 1994. pp. 315–328.
72. Rayner K, Slattery TJ, Drieghe D, Liversedge SP. Eye movements and word skipping during reading:
Effects of word length and predictability. Journal of Experimental Psychology: Human Perception and
Performance. 2011; 37(2): 514–528. https://doi.org/10.1037/a0020990 PMID: 21463086
73. Nuthmann A, Engbert R. Mindless reading revisited: An analysis based on the SWIFT model of eye-
movement control. Vision Research. 2009; 49: 322–336. https://doi.org/10.1016/j.visres.2008.10.022
PMID: 19026673
74. Rayner K, Fischer MH. Mindless reading revisited: Eye movements during reading and scanning are
different. Perception & Psychophysics. 1996; 58: 734–747.
75. Vitu F, O’Regan JK, Inhoff AW, Topolski R. Mindless reading: Eye-movement characteristics are simi-
lar in scanning letter strings and reading texts. Perception and Psychophysics. 1995; 57: 352–364.
PMID: 7770326
76. Luke SG, Henderson JM. Oculomotor and cognitive control of eye movements in reading: Evidence
from mindless reading. Attention, Perception, & Psychophysics. 2013; 75(6): 1230–1242.
77. Inhoff AW. Parafoveal processing of words and saccade computation during eye fixations in reading.
Journal of Experimental Psychology: Human Perception and Performance. 1989; 15: 544–555.
PMID: 2527961
78. O’Regan JK. The control of saccade size and fixation duration in reading: The limits of linguistic con-
trol. Perception and Psychophysics. 1980; 28: 112–117. PMID: 7432983
79. Calvo MG, Meseguer E. Eye movements and processing stages in reading: Relative contribution of
visual, lexical, and contextual factors. The Spanish Journal of Psychology. 2002; 5: 66–77. PMID:
12025367
80. Rayner K, Sereno SC, Raney GE. Eye movement control in reading: A comparison of two types of
models. Journal of Experimental Psychology: Human Perception and Performance. 1996; 22(5):
1188–1200. PMID: 8865619
81. Vainio S, Hyona J, Pajunen A. Lexical predictability exerts robust effects on fixation duration, but not
on initial landing position during reading. Experimental Psychology. 2009; 56(1): 66–74. https://doi.
org/10.1027/1618-3169.56.1.66 PMID: 19261580
82. Vonk W, Radach R, van Rijn H. Eye guidance and the saliency of word beginnings in reading text. In:
Kennedy A, Radach R, Heller D, Pynte J, editors. Reading as a perceptual process. Amsterdam,
Netherlands: North-Holland/Elsevier Science Publishers; 2000. pp. 269–299.
83. White S. J., & Liversedge S. P. Orthographic familiarity influences initial eye fixation positions in read-
ing. European Journal of Cognitive Psychology. 2004; 16(1–2): 52–78. https://doi.org/10.1080/
09541440340000204
84. Winskel H, Radach R, Luksaneeyanawin S. Eye movements when reading spaced and unspaced
Thai and English: A comparison of Thai_English bilinguals and English monolinguals. Journal of Mem-
ory and Language. 2009; 61: 339–351.
85. Hyo¨na¨ J, Yan M, Vainio S. Morphological structure influences the initial landing position in words dur-
ing reading Finnish. Quarterly Journal of Experimental Psychology. 2018; 71(1): 122–130. https://doi.
org/10.1080/17470218.2016.1267233 PMID: 27905866
Linguistic processes modulate where the eyes move regardless of word boundaries
PLOS ONE | https://doi.org/10.1371/journal.pone.0219666 July 22, 2019 44 / 47
86. Lavigne F, Vitu F, d’Ydewalle G. The influence of semantic context on initial eye landing sites in words.
Acta Psychologica. 2000; 104: 191–204. PMID: 10900705
87. McDonald SA, Shillcock RC. Low-level predictive inference in reading: the influence of transitional
probabilities on eye movements. Vision Research. 2003; 43: 1735–1751. PMID: 12818344
88. Beauvillain C, Dore´ K. Orthographic codes are used in integrating information from the parafovea by
the saccadic computation system. Vision Research. 1998; 38: 115–123. PMID: 9474382
89. Beauvillain C, Dore´ K, Baudouin V. The "center of gravity" of words: Evidence for an effect of the word-
initial letters. Vision Research. 1996; 36: 589–603. PMID: 8855003
90. Dore´ K, Beauvillain C. Latency dependence of word-initial letter integration by the saccadic system.
Perception & Psychophysics. 1997; 59: 523–533.
91. Hyona J. Do irregular letter combinations attract readers’ attention? Evidence from fixation locations in
words. Journal of Experimental Psychology: Human Perception and Performance. 1995; 21: 68–81.
92. Plummer P, Rayner K. Effects of parafoveal word length and orthographic features on initial fixation
landing positions in reading. Attention, Perception & Psychophysics. 2012; 74: 950–963.
93. Radach R, Inhoff A, Heller D. Orthographic regularity gradually modulates saccade amplitudes in read-
ing. European Journal of Cognitive Psychology. 2004; 16: 27–51.
94. White SJ, Liversedge SP. Linguistic and non-linguistic influences on the eyes’ landing positions during
reading. Quarterly Journal of Experimental Psychology. 2006; 59: 760–782.
95. Radach R, Krummenacher J, Heller D, Hofmeister J. Individual eye movement patterns in word recog-
nition: Perceptual and linguistic factors. In: Findlay JM, Walker R, Kentridge RW, editors. Eye move-
ment research: Mechanisms, processes and applications. Amsterdam: North Holland; 1995. pp.
421–432.
96. Beauvillain C. The integration of morphological and whole-word form information during eye fixations
on prefixed and suffixed words. Journal of Memory and Language. 1996; 35(6): 801–820.
97. Everatt J, Underwood G. Parafoveal guidance and priming effects during reading: A special case of
the mind being ahead of the eyes. Consciousness and Cognition. 1992; 1: 186–197.
98. Hyo¨na¨ J, Niemi P, Underwood G. Reading long words embedded in sentences: Informativeness of
word halves affects eye movements. Journal of Experimental Psychology: Human Perception and
Performance. 1989; 15: 142–152. PMID: 2522524
99. Hyo¨na¨ J, Pollatsek A. Reading Finnish compound words: Eye fixations are affected by component
morphemes. Journal of Experimental Psychology: Human Perception and Performance. 1998; 24(6):
1612–1627. PMID: 9861713
100. Hyo¨na¨ J, Pollatsek A. Processing of Finnish compound words in reading. In: Kennedy A, Radach R,
Heller D, Pynte J, editors. Reading as a perceptual process. Amsterdam: Elsevier. 2000. pp. 65–87.
101. Inhoff AW, Briihl D, Schwartz J. Compound word effects differ in reading, on-line naming, and delayed
naming tasks. Memory & Cognition. 1996; 24: 466–476.
102. Underwood G, Clews S, Everatt J. How do readers know where to look next? Local information distri-
butions influence eye fixations. Quarterly Journal of Experimental Psychology. 1990; 42A: 39–65.
103. Underwood G, Hyo¨na¨ J, Niemi P. Scanning patterns on individual words during the comprehension of
sentences. In: O’Regan JK, Le´vy-Schoen A, editors. Eye movements: From physiology to cognition.
Amsterdam: North Holland; 1987. pp. 467–477.
104. Deutsch A, Rayner K. Initial fixation location effects in reading Hebrew words. Language and Cognitive
Processes. 1999; 14(4): 393–421.
105. Rayner K, Morris RK. Eye movement control in reading: Evidence against semantic preprocessing.
Journal of Experimental Psychology: Human Perception and Performance. 1992; 18: 163–172.
PMID: 1532186
106. Zhou W, Wang A, Shu H, Kliegl R, Yan M. Word segmentation by alternating colors facilitate eye guid-
ance in Chinese reading. Memory & Cognition. 2018; 46:729–740.
107. Liu Y, Reichle ED, Li X. Parafoveal processing affects outgoing saccade length during the reading of
Chinese. Journal of Experimental Psychology: Learning, Memory and Cognition. 2015; 41: 1229–
1236. https://doi.org/10.1037/xlm0000057 PMID: 25181495
108. Liu Y, Huang R, Li Y, Gao D. The word frequency effect on saccade targeting during Chinese reading:
Evidence from a survival analysis of saccade length. Frontiers in Psychology. 2017; 8 (116): 1–10.
https://doi.org/10.3389/fpsyg.2017.00116 PMID: 28220094
109. Cornue´jols M. La me´moire se´mantique et ses modes d’accès. Semantic memory and its access
modes. Ph.D. dissertation, Universite´ Paris-Sud. 1999.
110. Ferrand L, Alario FX. Normes d’associations verbales pour 366 noms d’objets concrets. L’anne´e
Psychologique. 1998; 98: 659–709.
Linguistic processes modulate where the eyes move regardless of word boundaries
PLOS ONE | https://doi.org/10.1371/journal.pone.0219666 July 22, 2019 45 / 47
111. New B, Pallier C, Ferrand L, Matos R. Une base de donne´es lexicales du franc¸ais contemporain sur
interne: Lexique [A lexical data base of contemporary French on the Web: Lexicon]. L’Anne´e
Psychologique. 2001; 101: 447–462.
112. Cornsweet TN, Crane HD. Accurate two-dimensional eye tracker using first and fourth purkinje
images. Journal of the Optical Society of America. 1973; 63: 6–13.
113. Engbert R, Kliegl R. Microsaccades uncover the orientation of covert attention. Vision Research.
2003; 43: 1035–1045. PMID: 12676246
114. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Founda-
tion for Statistical Computing ISBN. 2012. http://www.R-project.org/.
115. Bates D, Ma¨chler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using lme4. Journal of
Statistical Software. 2015; 67(1): 1–48.
116. Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM. Mixed effects models and extensions in ecology
with R. New York: Springer; 2009.
117. Hohenstein S, Matuschek H, Kliegl R. Linked linear mixed models: A joint analysis of fixation locations
and fixation durations in natural reading. Psychonomic Bulletin & Review. 2017; 24: 637–651. https://
doi.org/10.3758/s13423-016-1138-y PMID: 27612862
118. Kliegl R, Nuthmann A, Engbert R. Tracking the mind during reading: The influence of past, present,
and future words on fixation durations. Journal of Experimental Psychology: General. 2006; 135: 12–
35.
119. Baayen RH. Analyzing linguistic data: A practical introduction to statistics using R. Cambridge: Cam-
bridge University Press; 2008.
120. Pinheiro JC, Bates DM. Mixed-Effects Models in S and S-PLUS. New York: Springer; 2000.
121. Rayner K. Eye guidance in reading: Fixation location within words. Perception. 1979; 8: 21–30.
https://doi.org/10.1068/p080021 PMID: 432075
122. Vitu F. Visual extraction processes and regressive saccades in reading. In: Underwood G, editor. Cog-
nitive processes in eye guidance. Oxford, NY: Oxford University Press; 2005. pp. 1–32.
123. Yang S-N, Vitu F. Dynamic coding of saccade length in reading. Eye movements: A window on mind
and brain. In: van Gompel RPG, Fischer MH, Murray WS, Hill RL, editors. Amsterdam: Elsevier;
2007. pp. 293–317.
124. Brysbaert M, Drieghe D. Please stop using word frequency data that are likely to be word length effects
in disguise. Behavioral and Brain Sciences. 2003; 26(4): 479.
125. Reichle ED, Pollatsek A, Rayner K. Using E-Z Reader to simulate eye movements in non-reading
tasks: A unified framework for understanding the eye-mind link. Psychological Review. 2012; 119:
155–185. https://doi.org/10.1037/a0026473 PMID: 22229492
126. Reilly R, Radach R. Some empirical tests of an interactive activation model of eye movement control
in reading. Cognitive Systems Research. 2006; 7: 34–55.
127. Kru¨gel A, Engbert R. On the launch-site effect for skipped words during reading. Vision Research.
2010; 50: 1532–1539. https://doi.org/10.1016/j.visres.2010.05.009 PMID: 20471993
128. Kru¨gel A, Vitu F, Engbert R. Fixation positions after skipping saccades: A single space makes a large
difference. Attention, Perception, & Psychophysics. 2012; 74(8): 1556–1561.
129. Yan M, Kliegl R. CarPrice versus CarpRice: Word boundary ambiguity influences saccade target
selection during the reading of Chinese sentences. Journal of Experimental Psychology: Learning,
Memory, and Cognition. 2016; 42(11): 1832–1838. https://doi.org/10.1037/xlm0000276 PMID:
27078160
130. Inhoff AW, Wu C. Eye movements and the identification of spatially ambiguous words during Chinese
sentence reading. Memory & Cognition. 2005; 33(8):1345–1356.
131. Bernard J-B, Castet E. The optimal use of non-optimal letter information in foveal and parafoveal word
recognition. Vision Research. 2019; 155:44–61. https://doi.org/10.1016/j.visres.2018.12.006 PMID:
30629974
132. Coe¨ffe´ C, O’Regan JK. Reducing the influence of non-target stimuli on saccade accuracy: Predictabil-
ity and latency effects. Vision Research. 1987; 27: 227–240. PMID: 3576983
133. Findlay JM. Global visual processing for saccadic eye movements. Vision Research. 1982; 22: 1033–
1045. PMID: 7135840
134. Gillen C, Weiler J, Heath M. Stimulus-driven saccades are characterized by an invariant undershoot-
ing bias: no evidence for a range effect. Experimental Brain Research. 2013; 230(2):165–174. https://
doi.org/10.1007/s00221-013-3640-z PMID: 23884554
135. Buswell GT. An experimental study of the eye-voice span in reading. Supplementary Educational
Monographs. 1920; 17.
Linguistic processes modulate where the eyes move regardless of word boundaries
PLOS ONE | https://doi.org/10.1371/journal.pone.0219666 July 22, 2019 46 / 47
136. Huey EB. The psychology and pedagogy of reading. Macmillan; 1908.
137. Vitu F. The existence of a center of gravity effect during reading. Vision Research. 1991; 31(7/8):
1289–1313.
138. Sparks DL, Hartwich-Young R. The deep layers of the superior colliculus. Rev Oculomot Res. 1989;
3: 213–255. PMID: 2486324
139. White BJ, Munoz DP. The superior colliculus. In: Liversedge S, Gilchrist I, Everling S, editors. Oxford
handbook of eye movements, 1st ed. New York: Oxford University Press; 2011. pp. 195–213.
140. Lee C, Rohrer WH, Sparks DL. Population coding of saccadic eye movements by neurons in the supe-
rior colliculus. Nature. 1988; 332(6162): 357–360. https://doi.org/10.1038/332357a0 PMID: 3352733
141. McIlwain JT. Visual receptive fields and their images in superior colliculus of the cat. Journal of Neuro-
physiology. 1975; 38: 219–230. https://doi.org/10.1152/jn.1975.38.2.219 PMID: 1092813
142. Ottes FP, Van Gisbergen JAM, Eggermont JJ. Visuomotor fields of the superior colliculus: a quantita-
tive model. Vision Research. 1986; 26: 857–873. PMID: 3750869
143. Vitu F, Casteau S, Adeli H, Zelinsky GJ, Castet E. The magnification factor accounts for the greater
hypometria and imprecision of larger saccades: Evidence from a parametric human-behavioral study.
Journal of Vision. 2017; 17(4):2, 1–38. https://doi.org/10.1167/17.4.2 PMID: 28388698
144. McSorley E, Findlay JM. Saccade target selection in visual search: Accuracy improves when more dis-
tractors are present. Journal of Vision. 2003; 3(11): 877–892. https://doi.org/10.1167/3.11.20 PMID:
14765969
145. Vitu F, Lancelin D, Jean A, Farioli F. Influence of foveal distractors on saccadic eye movements: A
dead zone for the global effect. Vision Research. 2006; 46: 4684–4708. https://doi.org/10.1016/j.
visres.2006.08.029 PMID: 17049960
146. Adeli H, Vitu F, Zelinsky G. A model of saccade programming during scene viewing based on popula-
tion averaging in the superior colliculus. Journal of Neuroscience. 2017; 37(6): 1453–1467. https://doi.
org/10.1523/JNEUROSCI.0825-16.2016 PMID: 28039373
147. Vitu F, Adeli H, Zelinsky G.J. Reading without a lexicon: An illiterate model of saccade programming in
the superior colliculus predicts where readers move their eyes! Journal of Vision. 2016; 16(12): 933.
Linguistic processes modulate where the eyes move regardless of word boundaries
PLOS ONE | https://doi.org/10.1371/journal.pone.0219666 July 22, 2019 47 / 47
